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INTRODUCTION 

Various ammonium salts, urea, a qua ammonia, and anhydrous 

ammonia are important sources of nitrogen for the fertilization of agri ­

cultural crops While ammonia and its compounds are useful as fert­

ilizers, they can be , and often are, toxic to many plants (Willis and 

Rankin, 1930; Stout and Tolman, 1941; Raleigh, 1942; Stoll, 1954; 

Lorenz, 1955; Grogan and Zink, 1956; Allen, 1962; Cooke , 1962; 

Allred, 1963; Court et aL 1964; Hood and Ensminger, 1964) . There 

are a lso products which have been designed to retard the oxidation of 

ammonia and its compounds (Go ring , 1962) . It is therefore important 

that the effects of ammonia and its compounds on plants, plant growth 

and plant metabolism be fully understood. 

Ammonia (NH3 ) has prevented the germination of many kinds of 

seeds a nd can a l so damage roots, causing them to turn dark and rot 

(Stout and Tolman, 1941; Hood and Ensminger, 1964), Ammonia (NH
3

) 

injury also resembles various wilt di seases . Stoll (1954) observed 

that ammonia (NH3) cause d cucumbers to wilt and that the symptoms 

resembled those of cucumber wilt disease . Grogan and Zink (1956) 

found that although wilt disease symptoms in lettuce could be caused 



by many c hemica l s, a mmonium hydroxide and anhydrous ammonia 

were the most toxic of tho se tested . Allen ( 1962) grew rough lemon 

seedlings in sand a nd reported that the seedlings wilted within 24 

2 

hours and died in 21 da ys after the applications of ammonium hydroxide . 

Dur ing 1960 and 1 962, the author participated in an experimental 

study in whic h it was observed that sugar beets grown in nutrient solu­

tion (pH 7 . 6 - 8 . 0) in the green house a nd out-of -doors with ammonium 

sulfate as the nitrogen source , wilted s trongly on hot summer days, 

while s ugar beets which rece ived potassium nitrate as the nitrogen 

source showed little , if any, wilting (Haddoc k a nd Stuart, 1963). On 

cooler o r c loudy days or a t night no difference in wilting c ould be 

observed between the treatments . 

From these general observations it a ppeared that ammonia was, 

in some unknown w a y , interfering with the movement of water through 

the sugar beet plant. lt seemed most likely that ammonia could either 

inhibit the c losing of stomates, causing them to lose water, or that 

ammonia greatly reduced the absorption of water by the roots , Either 

of these could cause wilting under conditions of high transpira tion 

dema nd. 



OBJECTIVES 

The objec tive s of the present investigation were as follows : 

1. To mea s ure the effect of a mmonia (NH3) on wilting, 

stomatal aperture, and the water content of leaf tissue 

under simulated field a nd greenhouse conditions . 

2 . To measure the effect of ammonia (NH3) on the release 

of water from tissue disks and the movement of water 

through inta c t sugar beet root systems. 

3 . To find the region in the roots of the sugar beet where 

ammonia (NH3) affects the uptake of water. 

3 



PART I 

WILTING, STOMATAL APERTURE, WATER CONTENT 

OF LEAF TISSUE, AND AMMONIA 

The Experiments and observations reported in this section were 

undertaken to ascertain the effects of ammonia on the wilting, stomatal 

apertures and water content of the sugar beet leaves . 

Literature Review 

Sayre ( 1926) reported that the stomata of Rumex p atientia open 

to 50o/o of their maximum value when exposed to ammonia vapor in the 

dark. Scarth ( 1926) floated sections of Zebrina pendula leaf epidermis 

in dilute solutions of ammonium hydroxide and found that by increasing 

the concentrations and pH the stomatal aperture continued to widen 

until the ammonium hydroxide became toxic to the tissue. A few years 

later Scarth ( 1932) observed that ammonia vapor would cause the 

stomata of Zebrina pendula to open in the dark at a guard cell pH of 

approximately 7. 4. He also found that ammonia vapor even caused 

the stomata of wilted leav s to open. 

Small (1 939) and Alvim (1949) immersed epidermal strips in 

buffer solutions (M/10 or M/20) and found that the stomata increased 

4 



in aperture with me rea sing pH, but they did not take into consideration 

the effect of the relatively high concentrations of salts in the buffers . 

Arends (19 26). as quoted by Amer (1 954) obtained a n increase in 

stomatal aperture when he placed epidermal strips in neutral salt s . 

With pure bases , however, h e observed stomatal closure , the direct 

opposite of that which Sayre (19 26) and Scarth ( 1932) observed, 

Williams and Shipton ( 1950) found that stomata open when epidermal 

strips are placed in neutral unb.dfered salt solutions and that the effect 

of the buffer may be due to salt and not to pH. Arner (1954) immersed 

5 

stnps from the lower epid ermis of Pelargonium zonale in distilled 

water, 1/20 Nand 1/50 N KOH and NH40H. He found that in distilled 

water the stomata gradually c lo se, tn KOH there was an initia l opening 

followed by closure, in NH40H there was partial closing. He also found 

ammonia to be toxic to the guard cells at the concentrations used. 

Sayre ( 1926) and Scarth ( 1926, 1932) reported n o toxicity with ammonia, 

possibly be cause they used more dilute solutions than those used by 

Amer (1954) . 

The work of Williams and Shipton (1950), Arends (1926) , Amer 

(1954). Small (1939 ) and A l vim (1949) does not eliminate the possibility 

of ammonia c ausing the opening of stomata. In all cases, the concen­

trations of salts and bases used were much higher than the ammonia 

solutions of Sayre (1 926 ) and Scarth (1 932, 1926) . (1/10 , 1/20, and 

1/50 N versus 1/500, 111000, and 1/2000 N) . 



1960 Study 

This study was undertaken to show the effect of ammonia on 

the wilting and water content of sugar beet leaves . 

Materials and methods 

The sugar beets used in this study were a part of another 

experiment on the nutrient balance of sugar beets. (Ha ddock and 

Stuart, 1964). The treatments involved ten different nutrient cultures. 

These nutrient solutions were 1/2 strength Hoaglands No. 1 and modi­

fications of I /2 strength Hoaglands No, 1 nutrient solutions . Their 

composition is shown in Table I . Ten replications of each treatment 

were arranged in a Latin Square , 

Twenty sugar beet seeds of the commercial mono-germ variety 

S. L. 126 were planted Aprill5 , 1960 in ten gallon cans (14 inches in 

daimeter and I5 inches deep) filled with No. 2 vermiculite. These 

were thinned June 29, to leave a final stand of three plants per can. 

I /2 strength Hoaglands No , 1 nutrient solution was used until thinning 

time, after which the treatments were applied, The three beets in 

each pot had a total surface pot area of I. 07 square feet and an avail­

able top canopy of II square feet of which about four square feet were 

used, 

The nutrient solutions were mixed in 55 gallon barrels using 

canal water. This water contained I. 0 ppm K, 6 . 0 ppm Na, 48 ppm Ca 

6 
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Table 1 . Composition of Nutrient Solutions 

ppm No3 :N NH4 -N p K Ca Mg Na 

l. Check ( 1/2 strength 105 16 117 100 24 12 
Hoagland's) 

2. 112 K 105 16 59 130 24 12 

3. OK 105 16 0 160 24 12 

4. 1/2 N 53 16 117 100 24 12 

5. 1/4 N 26 16 117 100 24 12 

6. N03 + NH4 105 53 16 117 100 24 12 

7. 112 p 105 8 117 100 24 12 

8 . NH4 105 16 117 100 24 12 

9. 1 I 2 Ca + 1 I 2 Mg 105 16 117 50 12 115 

10. Check-N same as No. 105 16 117 100 24 12 
1 to Sept. 1 
l/2N9/l - l 0/lNO-Nl0/1 
to 10115 harvest 

Micro -nutrients were supplied to the dilute nutrient solution in the 
following concentrations : B, 0. 5 ppm; Mn, 0. 5 ppm; Zn, 0. 05 ppm; 
Cu, 0 . 02 ppm; and Mo, 0 . 05 ppm. 

Iron added as Fe -E . D. T . A. sodium complex at the concentration 
of 1. 37 ppm. 

Canal water contained 1 . 0 ppm K, 6 . 0 ppm Na, 48 ppm Ca, 16 ppm 
Mg, 2. 0 ppm Cl, 9. 0 ppm S04, 0. 0 ppm co3, and 215 ppm HC03. 



16 ppm Mg, 2 . 0 ppm Cl. 9 . 0 ppm so4 , 0 . 0 ppm co3 .• and 214 ppm 

HC03 . The canal water was pH 8 2 and the nutrient solutions varied 

from pH 7. 6 - 8 . 0 . 

One gallon of solution was applied to ea c h can daily exc ept 

during the hot weather of mid-July to mid-August when one a nd one­

half gallons we re applied . The can s were buried in the soil to within 

one inch of the top in order to maintain temperatures comparable to 

those of the surround ing s oil. Three inches of gravel were placed 

under each can and holes were punc hed in the bottoms to permit drain­

age. The moisture was kept at or nea r field capacity at a ll times . 

On July 29th, 1960 , a hot, dry da y, (95°F and 15% relative 

humidity) re cently matured bla de samples were taken from eac h pla nt 

at 4 : 30 to 5 : 30 a . m . and again at 3 : 30 to 4 :30p.m. - - periods of appar­

ent maximum and minimum turgidity. The samples were placed in 

moisture-tight containers , weighed, dried i n a forced draft oven at 

60°C and reweighed, Moisture was then calculated as grams of water 

held per gram of d r y material (Curtis and Clark, p . 257) . At the time 

of the afternoon sampling , the wilting occurring in eac h pot of eac h 

treatment was rated on a scale of ze ro to ten (zero fully turgid and ten 

completely flaccid) . 

The temperature of each pot was taken a t a depth of 15 centi­

meters da1ly . 

Resul ts and discussion 

During t he fi r st month afte r differen t trea tments were applied, 

the l eaves of the a mmonia-treated beets were a darker s h ade of green 

8 



than the other treatments . A s the beets matured, however, the leaf 

color tended to be the same for a ll tr eatments exc ept for those of the 

low-nitrate treatment which were small a nd had a pronounced yellow ­

ish colo r. Toward the latter part of the growing season, the a mmonia ­

treated plant::; looked much like the others , exc ept that they appeared 

slightly less thrifty, had thicker leaves and wilted less than they had 

formerly . 

During the hot , dry days of J uly and August, the ammonia-treated 

suga rbeet swiltedfaster a nd more severely, and recovered less quickly 

than did the beets from the other trea tments even though the temperature 

of any pot a t a depth of 15 centimeters never exceeded 22°F. In the 

mornings, a t daybreak or before , there was no discernible differenc e 

in wilting between t he ammonia treatment and any of the other treat ­

ments {Figure 1) . 

On J uly 29, 196 0, the morning samples showed no significant 

difference (5% level) in the amo unt of water held per gram of dry mat­

erial (see Figur e 2 ) regardless of treatment. It can also be seen from 

Figure 2 tha t the ammonia treatment contained less water per gram 

of dry material than any of the other treatments . However, the water 

content of the ammonia treatment in the morning nearly matches that 

of the other treatments in the afternoon. 

As seen in Figure 3 , when the amount of water contained in the 

afternoon was subtracted from that contained in the early morning, 

9 
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the blades from the ammonia treated plants lost more water than those 

of the other treatments even though the ammonia treated plants con­

tained less water m their blades at 5:00a.m. than did any of the 

other plants at that time. Wlule the ammonia treated plants showed 

the greatest degree of wilting in the afternoon, by 6 :00p.m. they 

had begun to regain their turgidity and shortly after sunset, little, 

if any, difference among any of the treatments could be seen. 

Conclusions 

When ammonia (NH3) is the sole source of nitrogen, 1t greatly 

increases the degree of wilting by decreasing the amount of water held 

by the leaf tissue of sugar beets, particularly on hot summer days. 

While this phase of the over-all study did not answer the questions of 

whether the cause of the wilting was that ammonia kept the stomates 

open or that it reduced the flow of water through the roots, it did show 

that ammunia (NH3) affecls the water relationship of sugar beets. 

1962 Study 

This study was undertaken to ascertain whether or not ammonia 

could interfere with the function of stomata. As with the 1960 study, 

it was conducted out - of-doors and unlike the 1960 study , also repeated 

in the greenhouse. 



Mate rials and methods 

Out-of-doors. Monogerm va nety S. L. 9140 MS mm sugar 

beets were grown out-of-doors in nutrient culture using vermiculite 

as the supporting media, as described in the 1960 study . In 1962, 

however, only the 1/2 strength Hoaglands solution no. l , the l/2 

N03 + l/2 NH4 and the NH4 solutions were used (see Table 1). 

Again the beets were planted in 10 gallon cans, as described 

in the 1960 study, but on June 11 they were thinned to two plants per 

14 

can. The beets were watered with 1/2 strength Hoaglands no. 1 nutrient 

(made with tap water) until June 11, at which time the 1/2 N03 + 1/2 NH4 

and the NH4 treatments were begun. Each treatment consisted of ten 

cans, for a total of 30 cans. Again the cans were buned in the soil 

to within one 1nch of the top of the can for control of the root tempera­

tures, and holes were punched in the bottom with two inches of gravel 

underneath for drainage. The sugar beets were again watered as in 

the 1960 study. 

Greenhouse. In the greenhouse study, the same kind of sugar 

beet seed was used. The beets were started in vermiculite and watered 

with nutrient solution as needed. After three weeks, the beets had 

reached a suitable size (four leaf stage) for transferring to four gallon 

c eram1c pots containing Hoaglands l/2 strength nutrient solution. The 

pots were aerated continuously with aquarium bubblers. On June 11 the 

1/2 N03 + 1/2 NH4 and the NH4 treatments were begun. Each treatment 



consisted of ten pots with one beet per pot for a total of 30 pots. All 

solutions , thoae used out-of-doors and in the greenhouse, were made 

15 

up with tap water and ranged in pH from 7 . 8 to 8 . 3. Since ammonia is 

volatile at this pH and can be lost by aeration the solutions in the 

ceramic pots were renewed every third day . T h e greenhouse was equip ­

ped with an evaporative type cooler which held the air temperature 

below 85°F. 

On August 20th in the greenhouse and September lOth out - of-

doors, measurements were made of air temperature, relative humidity, 

light intensity, stomatal aperture and the amount of water held per gram 

of dry leaf tissue. These measurements were mad e at arbitrarily selec ­

ted times during the day. Air temperature was taken with a regular 

mercury thermometer suspended about five centimeters above the sugar 

beet canopy. Relative humidity was measured with an Assmann Psych­

rometer placed about five centimeters above the sugar beet canopy. 

Relative humidity was measured with an Assmann Psychrometer p laced 

about five centimeters above the sugar beet canopy. L ight intens ity 

was measured with a Weston Model 130 photometer. Stomatal aperture 

was measured by the mfiltration method of Alvim and Havis ( 1954). 

This method consists of making up a series of mixtures of xylene and 

heavy mineral oil in 1 Oo/o increments, zero being pure xylene and 10 pure 

mineral oil. When a drop of one of these mi·<tures is placed on the leaf, xylene 

enters the closed stomata and the heavy mineral oil enters the open stom ­

ata. This method was only approximate, at best, but it gave a quick easy 



check of stomatal aperture . The water content of the leaves was 

taken by cutting a number of disks from the first mature leaf with a 

c ork borer . These samples . one centimeter in diameter , were 

weighed, dried and wetghcd again. The results were reported as 

grams of water held per gram of dry leaf tissue . 

Results and discussion 

Out-of-doors , Tl:e ammonia -treated sugar beet plants had 

leaves that tended to be a slightly darker shade of green than those 

receiving nitrates as the nitrogen source. The ammonia-treated 

beets appeared to be about the same size as those used in the other 

treatments but tended to be less vigorous . At the end of the season, 

the roots of the ammonia -treated beets appeared to be as numerous as 

the others and also as healthy , 

16 

As the plants beca1ne larger, the ammonia-treated beets wilted 

during the day when the light intensity became high (6 , 000 - 9, 000 foot 

candles) . The 1/2 N03, 1/2 NH4 treated beets and the nitrate treated 

beets wilted very little , if a t all . As the light intensity decreased 

towards evening, the wilting became less noticeable. By nightfall, 

no discernible difference in wilting could be observed among any of 

the treatments. 

As the season progressed, the ammonia-treated beets which 

had wilted "trongly during the hot summer season began to show less 

wilting . The leaves tended to become thickened and somewhat leathery, 



w h1l e the l e a f s u r fac e dev e loped a distinc t waxy fee l. Tills m a y have 

been a re s ult of adaptation to the droughty c ond1t10ns induc ed by the 

a mmon i a tre:atment . 

17 

A s can b e s een in Figure 4, the a mmonia - treated lea ves con­

t ?.ined l ess wate r at a ll tirnes t~an did the other two trea tments , but 

exhibited w ilting only nea r m1dda y . The amount of water held in the 

l eaf t i s s ue of th e a mmon i a -trea ted beets a ppeared to c orrela te with 

light in tensity but n ot with humidity, a i r temperature or s tomatal 

ape rtu re , The s tomatal apertures inc reased very quic kly as soon as 

d1rec t S1mligh t s truck them a nd no difference in a p erture was d etec ted 

betwee n trea tme nts for the re s t of the da y . However , the stoma tal 

ape r tu r es of the lea ves in direc t sunlight were greater than those of the 

s h a ded l eave s until a bou t 2: 00p . m. when the apertures bec ame about 

the s ame. 

Gree nhouse. T he a mmonia -trea ted sugar beets in the green­

~cu:;e a l s o had laav e s that tencled to be a slightly darker shade of green 

tha n th o s e r ec e iving n it rates as the nitrogen source but toward the e nd 

of th e s eason t h e colo r d i ffe renc e s became less pronounc ed. The 

a mmonia - treated b e ets w ere a l s o slightly less thrifty than the others 

and the root sys tems appea red to be slightly smaller. However, toward 

the end of the eas on t hree of the a mmonia -trea ted roots b ecame infec­

ted with wha t appea r ed to b e a b lack f1mg us while the other treatments 

r ema ined hea lthy . This was not obs e r ved 1n a ny of the beets grown 

out -of - doo r~> . 
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Figure 4. Water held by sugar beet leaf tissue, grown in nutrient 
solution out - of-doors September 10, 1962, Logan, Utah, 
as affected by stomate opening, light intensity, relative 
humidity, air temperature, and nitrogen source. 
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The ammonia-treated plants in the greenhouse also wilted during 

the day when the light intensity became great (about 7, 000 foot candles ). 

The other treatments, as was observed out-of-doors, also showed 

little or no wilting. As the light intensity decreased toward evening , 

the wilted I lants became more turgid and by nightfall no difference in 

wilting among any of the treatments was observed. The ammonia ­

treated plants wilted strongly when the nutnent solution was fresh but 

when it became time to renew the nutnent solution they were wilting 

slightly. 

Figure 5 shows that the ammonia treatment held less water 

than the other treatments near midday when wilting was strongest 

but at sundown the amount held was about the same as in the other 

treatments and no wilting was observed. As with the beets grown 

out-of-doors, the amount of water held in the leaf tissue of the 

ammonia -treated beets appeared to correlate with light intensity and 

not humidity, temperature or stomatal aperture. The humidity in 

the greenhouse was much higher than out - of- doors but this had no 

effect on the wilting. 

Stomatal apertures increased very quickly as soon as direct 

sunlight struck them and no difference in the stomatal aperture between 

treatments was detected all day, except in the early afternoon when 

the light intensity was at its peak. At that time, the ammonia - treated 

plants were limp and flaccid and the stomatal apertures had decreased 

shghtly due to the dehydrated condition of the leaf. As darkness 
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approached, the ammonia-treated plants became turgid but the stom­

atal apertures appeared to decrease more rapidly than in the other 

treatments. Whether this early closing was directly due to the ammonia 

or to the severe wilting induced by the ammonia is not known. 

Sil)ce little, if any, difference was observed in stomatal opening 

among any of the treatments , either out - of-doors or in the greenhouse, 

it is doubtful that ammonia had any effect on increasing or decreasing 

stomatal aperture in the leaves of the ammonia-treated sugar beets. 

Ammonia (NH3) formed in the nutrient solution from ammonium sulfate 

at a pH greater than seven, probably caused the wilting by reducing the 

adsorpt ion of water by the r o ots. How this occurs is not known. 

However, if the roots were unable to adsorb water in sufficient 

quantity to keep pace with the transpnation demand of the leaves, wilting 

would occur. High light intensities cause an increase in transpiration 

because of the energy adsorbed by the leaf. 

Conclusions 

1. Ammonia (NH3) causes sugar beets to wilt under conditions 

of high light intensity. 

2. Ammonia (NH3) applied to the roots has little, if any, 

effect on the size of stomatal aperture. 

3. Ammonia probably reduces the absorption of water by sugar 

beet roots. 



PART II 

AMMONIA AND WATER MOVEMENT IN SUGAR 

BEET AND POTATO STORAGE TISSUE AND 

EXCISED SUGAR BEET ROOTS 

The following series of experiments were designed to show the 

effect of ammonia on the rate of water loss by disks of sugar beet and 

potato storage tissue and the rate of water uptake by intact sugar beet 

root systems. 

Literature Review 
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Anything that interferes with the respiration of a cell or group of 

cells also interferes with the rate of water movement in that cell or group 

of cells. Reduced temperatures, lack of or reduced oxygen and chemi­

cal respiration inhibitors are all known to reduce the movement of water 

into or out of a ce 1 or group of cells. The literature review that follows 

will discuss each of these factors in relationship to water uptake. 

Temperature 

Reduced water adsorption in plants due to low temperatures has 

been observed by many investigators (Arndt, 1937; Bialoglowski, 1936; 
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Brown, 1939; Clements a nd Martin, 1934; Jensen and Taylor, 1961; 

Kramer , 1949 and 1955; and Schroederer, 1939). Kramer (1940a , 1942, 

1955) reported that water absorption increased w1th high root tempera ­

tures and dec rea sed with low tempera tures. He claimed that this was 

due to the inc reased viscos ity of the water a nd protoplasm in the living 

tissue at low temperatures. In d ead tissue water adsorption was also 

reduced with low tempera tures but the reduction was not as great as in 

living tissue. Low temperatures also reduced respiration but he claimed 

this to be of secondary importance . 

Jensen and Taylor (1961) measured the rate of water movement 

through plants and found that the apparent activation energy for water 

movement through roots was greater than that for the self-diffusion and 

v1scosity properties of water alone . They reasoned that another mech­

anism, besides the purely physical processes of diffusion and viscosi ty, 

is involved in water uptake. Kuiper (1964) found 010 values as high 

as 3. 8 for water movement through b ean roots. This value is much 

higher than that generally attributed to physical processes . When 

Kuiper ( 1964) treated bean roots with dilute s olutions of alkenylsuccinic 

acids, the rate of water uptake increased and the 0 1o of the process 

was reduced to I . 18, which was in the range of a purely physical process. 

He attributed the increased water upta ke to the incorporation of alkenyl­

succinic acids into the lipid layer of the cytoplasmic membrane of the 

cells, which changed the membrane from a phase char acterized by a 



high activation energy for water transport to a phase where only the 

effect of the viscosity of water was observed. 
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Since alkenylsuccinic acids change the temperature dependence 

of water transport, it is perhaps doubtful that increased cytoplasmic 

viscosity is of importance in reducing water transport at low tempera­

tures. It is , perhaps, more plausible that respirational energy is used 

to maintain the structure of the cytoplasmic membranes. 

Oxygen is an essential part of aerobic respiration and reducing 

or eliminating oxygen reduces respiration. Reduced oxygen tension 

has been shown to reduce the rate of water movement in plant roots 

(Kramer , 1940b; Lopushinsky, 1961; Mees and Weatherly, 1957; 

Roberson, 1964; and Rosene , 1950). Kramer ( 1940b) found that unaerated 

solutions reduced the uptake of water by roots. He attributed this effect 

to changes in the protoplasm of the cells brought about by the accumula­

tion of ca rbon dioxide iit the solutio11. Mees and Weatherly ( 1957) 

observed that tomato roots were less permeable when aeration was 

stopped that when the roots were being aerated. They bubbled nitrogen 

through the root media to expel carbon dioxide and other gases and found 

that the entire effect of reduced root permeability could be attributed 

to the lack of oxygen instead of an accumulation of carbon dioXIde. 

Lopushinsky (1 961 ) found a 69% reduction of water movement in tomato 

roots after stopping aeration . 
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Roberson (1964) also found that water uptake decreased in the 

absence of aeration. Within two hours after measurements had begun, 

the water uptake rate had decreased approximately 50 to 70 percent. 

At this time aeration was begun and the water uptake rate increased 

to 30 percent within ten min· tea . Rosene ( 1950) observed that a lack 

of oxygen or reduced amour,ts of oxygen diminished the rates of water 

influx or outflux from onion root tissue and that this effect was rever -

sible if the lack of oxygen was not prolonged. However, Brouwer ( 1954) 

found that reducing the supply of oxygen to plant roots had little, if any, 

effect on water uptake. 

Respiration inhibitors 

Many investigators have shown that respiration inhibitors such 

as cyanide, az1de, 2, 4 dinitrophenol , flouride, iodoacetate, and phenyl­

urethane decrease the rate of water movement into disks of storage tissue, 

segments of coleoptiles, segments of roots, and intact roots. Levitt 

(1948) found that potassium cyanide, 10-4M o.nd 1C-1M, h.au no effe<.t 

upon the water uptake by disks of potato tissue placed in constantly 

aerated solutions containing indoleacetic acid. He concluded that the 

potassium cyanide may have hydrolized and resulted in the loss of 

hydrogen cyanide from the solution. Hackett and Thiman ( 1950, 1953) 

placed disks of potato tlssue in shallow unaerated solutions and allowed 

the tops of the disks to be exposed to the air . They found that water 

uptake by the disks was inhibited by 2, 4 dinitrophenol, sodium azide , 

sodium arsn.ite and flo uroacetate . 
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Ordin and BoP.ner ( 1956) measured the permeability of Avena 

coleoptile sections to water by the diffusion of duterium oxide and found 

that metabolic i~ibitors such as 2., 4 dir.itrophenol and potassium cyanide 

in non-lelhal concentrations had only a slight, if any, effect on the rate of 

duterium oxide diffusion. However, Ordin and Kramer (1 956 ) using 

duterium oxide diffusion rates found that non-lethal concentrations of 

2., 4 din.itrophenol reduced water influx into sections of Vicia faba roots 

by about 50 percent. Rosene (1 947) observed that cyanide and sodium 

azide reduced both the oxygen consumption and the water influx and 

outflux from onion root tissue. She also found the sodium azide inhibi­

tion to be partly reversible . 

Van Overbeek (1942.) found that exudation from decapitated tomato 

plants stopped when the plantR were placed in dilute cyanide solutions. 

Van Andel ( 1953) observed that salt uptake, salt secretion and water con­

duc tivity in tomato plants "'ere reduced or prevented by potassium cyanide, 

sodium flouride, 2., 4 d.initrophenol, sodium arsenite, iodoacetate, and 

phenylurethane. Poskuta ( 1961 ) grew corn under conditions of nitrogen 

starvation and insufficient oxygen supply and found that potassium cyanide 

at lo-3 and 10-4M and 2., 4 dinitrophenol at 10 - 4M and 10-5M stopped 

guttation. 

B ro1.mer ( 1954) found that a l X 10-5M solution of 2., 4 dinitro­

phenol an:! 1 X 10-4 and l X 10-5M potassium cyanide did not inh1bit 

water uplake in Vicia faba roots. However , he did find that l X 10-3M 
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potassium cyanide reduced water uptake 90 percent over a period of 

time and th"t 5 X 10-3M potassium cyanide stopped water uptake imme­

diately. Mees and Weatherly ( 195 7) reduced the flow of water through 

tomato roots 90% by the use of potassium cyanide . They suggested 

tha t metabolic e:1" r gy was used to mai.r..tain the structural features of 

the water pathway , in plant roots Lopushinsky (1961, 1964) reduced 

water movement through roots of tomatoes 90% with 1 X 10-3M sodium 

azide. 

Roberson (1964) found that after a three hour treatment with 

2 X 10-4M s odium azide, water movement through tomato roots was 

only 50 perc nt of the control rate . Increasing the concentration of 

azide to 1 X 1o-3M resulted in another 25 percent decrease in water 

movement. When the azide solution was replaced with azide-free solu­

tion, water uptake increased tmtil the initial rate was nearly reached. 

In unaerated solutions the effect of azide was even more pronounced. 

He also found that azide had no effect on water movement through dead 

roots. When he used 2, 4 dinitrophenol water movement was quickly 

reduced in living tomato roots but when used with an 1 X 1o - 2M acetate 

buffer, it caused water movement to increase. He concluded that the 

increase was due to severe injury of the tissues by the buffer plus the 

2, 4 dinitrophenol that ultimately resulted m death. Neither 2, 4 

dinitrophenol or the acetate alone produced an increase in the rate of 

water movemen. Adenosine triphosphate (ATP) in the presence of 

acetate buffer increased the rate of water movement, but without the 



acetate b;llfer, ATP s:C.owed ody a slight effect or p erhaps caused a 

slight r ductioa i _ the rate of w<ete r movement. 

UnC:is ociated :l!nrnm'li<c als o acts as a re spiration a..hibitor . 

28 

Altschul, ct. a l. (l '/.;',6 ) t re:tt d cotton s eeds with ammonia and inhibited 

respi r a tion i<'l bot •. rnatu!" <J.Jd immature seeds. Vines and Wedding 

(195 9, 1960} studied the !feet of ar:unonia on respiration. Oxygen uptake 

in a War urg rer.~>irometer "'as ClSed as an b.dication of the effect of 

gaseous a1n~o:..1.ia. ar.:.d ;.1-mmoniwn saltc on respiration of excised barley 

roots and garden b eet roo t di~ks, as well as leaf d1sks of spinach and 

sugar beets and garden beet root mitochrondria. 

Yin sand We ding (). 959 , 1960) found that both gaseous ammonia 

and undissociated ammonia in equal concentrations inhibited respiration 

to the same d gree in each of t :1e tis sues studied. They therefore con­

cluded that u:a.dissociated ammonia caused the inhibition of respiration 

in plants . They found th-:J.t p H was important becal!se pH controlled the 

amount of undissociated am..mor..ia present. They also reported that only 

succinate was partially able to overcome th ammonia -induced inhibition 

of respiration. This indicated a possible association with the electron 

transport syfltem since succina.t does not require diphosphopyridine 

nucleotide (DPN: as a cofactor . Further studies showed that the oxidation 

of r duced db h o sphopyridin e nucleot ide (DPNH) by isolated beet root 

mitocondria was ir..hibited hy 2.mmon>a treatment. It was &uggested that 

the site of ar.-unor...i.a toxicity to Jl l ants was located ;, the electron trans­

port system, Hpeclftcal'.y O>~. th~ DPUH ~ DPN reaction, 
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Factors such as low tempe r a ture, reduced o:> ... ygen, chemical 

respiration inhibitors (azide, cyanide, arsenite , etc .) have been found 

to inhibit respiration and to r educe or inhibit water absorption of plant 

roots and other plant tissue, as well. Ammonia (NH3 ) has been found 

to ir..h1bit resptratior.; therefore, it is reasonable to expect that ammonia 

(NH3 ) will also reduce or inhibit water absorption in plant tissues. The 

expe riments which follow were designed to test this hypothesis. 

Experiments with Disks of Sugar 

Beet and Potato Storage Tissue 

Mate rials and methods 

A series of 0.1 molar potassium phosphate buffers pH 6. 0, 7. 0, 

7. 5, 8 . 0, 8. 5 , 9. 0 and a series of Tria ~ris (hydroxyntethyl) amino 

methane] buffers pH 7 . 0, 7. 5, 8. 0, 8 . 5 were prepared. Sulfuric acid 

was used to adjust the pH of the tris buffers. A series containing 0 , 

2, 4 , 6, 8, 10 X 10-3 molar ammonium sulfate was prepa red for each 

pH inc rement . Phosphate buffers were used for both potato and sugar 

beet tissues and Tris buffers were used only for sugar beet tissues. 

Uniform disks ( 14 mm in dia meter and one mm thick) were cut 

from sugar beet and potato storage tis sues with the aid of a cork borer 

and a hand -operated mic rotome. The disks were washed in tap water 

until a ll of the starch and cell deb ris were removed from the cut 

surfaces. Fo•.u disks of tissue were p laced in 50 m1 of buffer and 

ammonium sulfate sol· ion a;1.d allowed to stand for 12 hours . The 



disks we re then blotted on Whitman no. I filter paper (50 grams pres ­

sure for five seconds) and weighed to the nea rest milligram. The 

potato disks were placed in a 13 atmosphere solution ( 90 gms/liter) 

of mannitol and the suga r beet disks were placed in a 29 atmosphere 

solution (1 80 gms /liter) of mal'..nitol . The disks were gently shaken 
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in a wrist action s~aker for twenty minutes , removed from the mannitol, 

blotted and weighed. The lo ss in weight was recorded as percent initial 

weight. InitJ.al weight w as taken as the weight of the di s k s prior to 

placement in the mannitol solutions. 

All operations were performed at room temperature. 

Results and dis cussion 

Disk thickness . An appropriate thickness of the di s ks was deter­

mined by cutting potato tissue 0, 5, l. 0, and l. 5 millimeters thick and 

placing the disks in water rather than in buffer; otherwise , the procedure 

followed was as previously outlined, except that the disks were removed 

!rom the rnar..nitol and weighed at ten minute intervals . The results are 

shown i n Figure 6. Simila r results were obtained for sugar beet disks . 

Wa ter was removed most rapidly and in greatest qua ntities from disks 

0 . 5 millimeter in thicbess ; however , they were very difficult to handle . 

Disks one millimeter in thickr.ess were used for both the potato and 

sugar beet ex:perimei!ts because they were much easier to handle . An 

immersion time of 20 tninutes in the man..'li tol solution was selected 

because the rate of water lost from the disks diminished at t:!tis point. 
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Figure 6. Loss of water from potato disks of 0. 5, 1. 0, and 1 . 5 mm. 
thick, equilibrated with water, and then placed in a 
( 90 gm . /liter) solution of mannitol. 
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The thicker disks released water at a much slower rate ; therefore , 

they were not used. 

Potato. After the potato disks had remained in the buifer and 

ammonium sulfate solution for 12 hours they appeared to be normal in 

every re spect. At pH 9. 0 a nd at all ammonium sulfate concentra tions 

they remained turgid and were not d iscolored. In one replication at 

pH 9. 0 and 10 X Io - 3 molar ammo nium sulfate the disks d eveloped small 

brown spots hul the tissue r emained turgid. The brown spots did not 

occur i n any of the other replica tions. 

Figure 7 shows that increasing pH ha d little, if any, effect upon 

water loss from potato disks , but that increasing both the pH and ammon­

ium sulfate concentratwns retarded the loss of water from the disks. 

The slight varia tions in the reEpons e surface may be due to experimental 

error. 

An experiment was performed using potassium sulfate instead of 

ammonium sulfate but potassium sulfate had no effect on reducing water 

loss from the potato disks . 

Sugar beet. After the sugar beet disks had remained in potas ­

sium phosphate and ammonium sulfate solutions for 12 hours they 

appeared to be normal. However, when the ammonium sulfate concen­

trations were i ncreased to greater than 2 X 10 - 3 molar at pH 8 . 5 and 9. 0 

the tissue became flaccid and appeared to be dead. This was to be 

expec ted because at pH 8. 5 and 9. 0 the percentage of NH3 present in the 
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Figure 7. Loss of water from potato tissue disks I . 0 mm. thick, 
equilibrated in 0. 1 M potassium phosphate buffer, with 
added ammonium sulfate and then placed in a (90 gm. I 
liter ) solution of mannitol. Represents an average of 

five replications . 
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solutions is quite high. When the flaccid disks were placed in the 

mannitol solution, they actually gained weight rather than losing it as 

they had a lower pH or conce· tration of ammonium sulfate. 
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Figure 8 shows that ammonium sulfate in phosphate buffer had 

little or no efiec:t at pH 6, 0 and 7. 0. However , at pH 7. 5 concentrations 

greater than 6 X lo - 3 molar ammonium sulfate retarded the loss of 

water from the d1sks . It was apparent t hat pH in itself had little, if 

any, effect on the loss of water when ammonium sulfate was absent from 

the buffer. However , a slightly smaller amount of water wa lost at 

pH 8. 0 and 7. 0 than at the other pH values . This was also observed 

for the potato disks but was not observed when tr is buffer was used. 

Again, small variations occured in the response surface and may be due 

to experimental error. Figure 9 shows that sugar beet disks in Tris 

buffer and ammon1um sulfate reacted much the same as potato and sugar 

beet disks in phsophate buffer and ammonium sulfate. 

Extended immersion in mannitol solutions, Sugar beet and 

potato disks treated with 0. 1 M pH 8 . 0 phosphate buffer and 0 , 4 , and 

8 X lo- 3 m olar ammonium sulfat e solutions for 12 hours and then placed 

in man.."J.itol solutions for extended per10ds of time all lost about the same 

percentage of water (see Figures 10 and 11 ). The procedure used was 

the same as described previously, except that the potato disks were 

removed from the man.."J.itol solutions , blotted and weighed at 10 minute 

intervals up to 60 mi::mtes and a t 20 minute intervals thereafter. Sugar 

beet disks were treated simih.rly e cept that they were remo ed from 
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Figure 8. Loss of water from sugar beet tissue disks. !. 0 mm. 
thick, equilibrated in 0. 1 M potassium phosphate 
buffer, with added ammonium sulfate, and then 
placed in a (180 gm. /liter) solution of mannitol. 
Represents an average of five replications. 
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the maruutol solutions , blotted and weighed at 15 minute inte .rvals. 

Sugar beet disks treated with 0 . 1 M pH 8 . 0 tris buffer and 0, 4, and 
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8 X lo-3 molar a mmomum sulfate (Figure 12) did not lose the same 

percentage of water for the period of time they were observed. It was 

likely they would have done so had they been observed for a longer 

period of time . 

Callander (1959) points out that there may be seriou.s difficulties 

in using plasmolysis and/ or deplasmolysis methods. He claims that 

the rate at which water is lost may not be due to membrane permeability 

but rather to the rapidity with which the plasmolyizing substance diffuses 

to the outer surface of the protoplast or from the suface to the bulk of 

the bathing fluid . This error may be serious where tissue sections 

rather than isolated cells are used. Thiman et al. (1960), working 

with potato disks, found that mannitol containing cl4 first enters the 

apparent free space, entering and leaving very rapidly. Upon exposure 

to mannitol for several days a small amount of mannitol was found to 

actually enter the cell. They found that their results confirmed those 

obtained by osmotic methods in showing that very little externally 

applied mannitol enters the potato disks. It appears that Callander's 

objections to plasmolysis and deplasmolys1s methods may not be too 

serious when mannitol is used as the plasmolyiz1ng agent because it 

diffuses readily and does not readily pass into the inside of the cell 

(Th1man et a l . 1960) . 
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Figure 10. Loss of water from potato tissue disks 1. 0 mrn. thick, 
0. 1 M phosphate buffer pHS with three concentrations 
of added ammonium sulfate with time. Disks placed 
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Figure ll. Loss of water from sugar beet storage tissue disks 1 . 0 
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Figure 12. Loss of water from sugar beet storage tissue disks 

1. 0 mm. thick, 0 . 1 M Tria buffer with three concentrations 
of added ammoniu:m sulfate with time. Disks placed in 
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Warren (1962! points out that the proportion of the total ammonia 

(NH3 ) concentration which is ionized at any given pH is governed by the 

dissociation constant of the molecule. With the appropriate pH value 

and a knowledge of the total ammonia concentrat ion and solution pH, 

the relative proportions of ionized and un- ionized ammonia can be calcu-

lated simply by applying the law of mass action. At a pKa of 9 . 0 the 

percentages of un- 10ruzed ammonia at pH 6, 7 , 8 , and 9, respectively , 

are approximately 0. 1, 1, 10 and 50 percent. 

As reported previously, Vines and Wedding (1960) demonstrated 

that ammonia (NH3) reduces the respiration of various plant tissues. 

Others have reported that other agents which reduce respiration also 

reduce the uptake of water by various plant t issues . Apparently, anything 

which reduces respiration also reduces the uptake or release of water 

by plant tissues . Because pH had no effect on water loss from the 

tissue disks it is evident that ammonia (NH3), formed when the pH was 

raised above 7. 0, reduced the rate of water loss by dec rea sing the 

respiration of the tissue. 

Conclusions 

1. pH alone has little , if any , effect on the release of water 

from disks of sugar beet and potato storage tissue. 

2 . Ammonia (NH3 ) reduces the rate of water loss from disks of 

sugar beet and potato by possibly decreasing the respirat10n 

of the tissue . 
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Experiments w1th ebccised sugar beet roots, materials and methods 

Culture of plants . Monogerm variety S. L. 9140 MS mm sugar 

beet seeds were germinated in moist vermiculite and the seedlmg were 

watered with 1/2 strength Hoagland ' s no. 1 nutrient solution (Hoagland 

and Arnon, 1950) as needed. When the seedlings had developed three 

or four leaves they were transferred to one gallon polyethylene contain­

ers filled with 1/2 strength Hoagland's no. 1 nutrient solution. One 

plant was placed in each container. Distilled, deionized water was used 

in the preparation of all solutions. The solutions were aerated contin­

uously and were renewed weekly . 

The plants were grown in a greenhouse equipped with an evapora­

tive coole1· that held the maximum temperlature to 85°F. The temperature 

usually varied from 60°F at night to 80oF during the day. During the 

winter months, artificial light was used to increase the length of the 

photoperiod and to increase the rate of growth. No bolting was observed 

in any of the plants. Because plants of the same age were often different 

in size, the plants were not used for the experiment s until the roots were 

3/8 to 1/2 inch in diameter. 

Apparatus for measuring the rate of water movement through 

sugar beet root systems. A d1agram of the appa r atus used can be 

seen in Figure 13. A suction pump was used to supply the suction for 

movement of water through the sugar beet root systems. The amount 

of water moved in response to the suction applied was measured by 

attaching the tube from the suction pump to a one millimeter bore 
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capillary tube. The suction was regulated at 12" Hg by a mercury 

Cartesian Diver Manostat. The capillary tubing was selected from 

standard glass stock, was examined for irregularities in the diameter 

of the bore and found to be accurate to within 5%. Each capillary tube 

was attached to the surface of a one meter rule. A three -way stopcock 

attached to either end of the capillary tube facilitated filling the system 

with water and the introduction of a droplet of mercury. By following 

the movement of the .mercury droplet along the capillary tube after 

suction was applied, the rate of water movement could be detected. By 

disconnecting the tube to the vacumn pump from the capillary tube, the 

r ate of water movement without vacumn could also be measured. All 

connections were made with 1/4 inch "Tygon11 tubing (Plastics and 

Synthetic Division, The U.S. Stoneware Co., Akron, Ohio). The appa­

ratus was set up in quadruplicate so that four root systems could be studied 

at the same tlme. 

'!'he free end of the capillary t,.bing was cor..nacted diractly to 

the stump of a detopped sugar beet by use of a length of "Tygon" tubing . 

To 1nsure a water-and-air-tight seal, a short section of 1/2 or 3/8 inch 

(depending upon the size of the root) gum rubber tubing was slipped 

over the top of the root and then connected to the "Tygon" tubing through 

a 1/4 inch diameter glass tee. A short sec tion of tubing was placed on 

the free end of the tee and clamped off. Air bubbles that collected in 

the line could then be removed through the free end of the tube by 
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releasing the clamp . A faulty seal could be detected by holding the 

connection above the solution surface and watching for the appearance 

of air bubbles in the water-filled line above the connection after the 

application of suction, If a faulty seal was detected, a short piece of 

soft wire was placed around the gum rubber covering the stump and 

tightened by twisting until the seal was effected, 

Experimental procedure, An experiment was initiated by re­

moving a plant from the growth media and placing the roots into a one 

liter beaker filled with aerated water (unless otherwise stated) , The 

plant was detopped just below the last leaf scar, the root pushed into the 

gum rubber tubing and sealed. Vacuum ( 30 em. Hg) was applied and the 

line cleared of air bubbles; a mercury droplet was then introduced into 

the capillary tube and the rate movement of the mercury droplet 

recorded. 

Readings were taken every 20 minutes until the flow tended to 

even out or to d1minish slightly. At the end of this time the roots were 

lifted out of the water and various solutions of ammomum salts or 

ammonia gas were added to the solution, The roots were then replaced 

in the solutwn and the readings were continued as before. 

By using this open beaker arrangement, solutions could be 

changed or the salts or gases could be added directly to the control sol­

ution during the course of an experiment, Aeration of all solutions was 

accomplished by bubbling air directly into the beaker, Approximately 

1/4 to 1/2 hour was required to prepare a root system and start the 



first measurement. This period is not 1ncluded in the calculation of 

time sequences in the data. Temperature measurements were made 

periodically throughout the course of the experiments and were found 
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to vary less than one degree centigrade during the course of any one 

experiment. Over a penod of months, the temperatures of the solutions 

varied from 25° to 21 °C. The pH of the solutions was monitored by a 

Leeds and Northrup model 7401 pH meter equipped with a glass electrode 

and calomel cell. 

Results and discussion 

Root damage . Some difficulty was encountered because of dam­

aged roots. The roots had to be handled very carefully to avoid breaking 

small roots and rootlets. In growing sugar beets in the greenhouse, the 

levels of the nutrient solutions would sometimes fall below the top roots 

and would expose them to the air. This happened on days when solar 

radiation was intense and transpirahon demand was high. The tips of 

the young newly developing roots exposed to the air would dry out and 

become brown or burned. 

Adding ammonia at pH 9 or greater also damaged the roots, 

causing them to turn a dark grey color. Not all of the root systems 

were damaged by adding ammonia at pH 9; susceptibility to damage by 

ammonia varied from root system to root system at this pH. However, 

at a pH greater than 9 all roots were damaged. Raising the pH alone, 

w1thout adding ammonia, appeared to do little, if any, damage to the 

roots. 
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When roots were damaged, whether from breakage, drying out 

or addition of ammonia, the rate of water movement appeared to increase 

in comparison to that of the undamaged roots. When ammonia was added 

to a damaged root system, there was little, if any, reduction in the rate 

of water movement. 

Water movement in response to added ammonium carbonate. 

Except as noted, all of the following experiments were conducted in d is­

tilled water, The solutions used were aerated constantly and suction 

was applied in the manner indicated and maintained at a value of 30 

centimeters of mercury. 

The initial rate of water movement for these experiments w as 

taken as the l'ate of movement for the first 20 minutes after an experi ­

ment had been initiated. All subsequent movement was reported as a 

percentage of the initial rate. 

Figure 14 shows the effect of 1 X lo-3 , 5 X lo-4, and 2 . 5 X Jo-4 

molar ammonium carbonate on the rate of water movement through the 

roots of sugar beets compared with the rate of water only. The results 

recorded here are for single root systems and the experiments were 

not replicated. Measurements were made every 20 minutes; however, 

after the ammonium carbonate was added they were made every five 

minutes. After 20 minutes a reading was taken at 10 minutes and one at 

20 minutes . 

The results show that ammonium carbonate, in each case, raised 

the solution to pH 8. 3 - 8. 4 and the movement of water was reduced to 
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five percent or less of the initia l rate. At this pH, ammonia was removed 

from the solution by the air bubbling through it. In five to ten minutes 

the pH dropped to a value of 7. 7 - 7. 8 and water uptake resumed. The 

length of time it took for water uptake to resume depended upon the 

amount of ai r used to aerate the s olutions . It was not possible to a ttain 

equal aeration for e ach root system. Upon recovery, the rate of water 

movement reac hed a peak and then dec lined. This 1s c ontrasted to that 

of water a lone whic h showed a general decline in rate with time. Using 

tomato root systems, Roberson ( 1964) and Loposhinsky (1961 ) observed 

a similar phenomenon. 

Figure 15 shows the effect of ammonium carbonate on water 

movement through sugar beet roots w1th no suction applied and the roots 

aerated constantly. The initial rates under these conditions were three 

to four times lower than those when suction was applied. However, the 

pattern of water movement was similar to that of the experiment where 

suction was applied. First there was a rapid inhibition of water move­

ment when the ammonium carbonate was added, then as aeratwn removed 

the ammonia and the pH dropped to approximatel y 7 . 7 , the movement of 

water resumed at a rate approximately equal to the initial rate. Again, 

the length of time required for the reversal of inhibition was related to 

the amount of aeration each root received. 

Since ammonium carbonate inhib1ted water movement in roots 

placed in water , it was necessary to know if the same phenomenon would 

take place in nutrient solution. 
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Figure 16 shows the effect of ammonium carbonate on the rate of 

water movement through sugar beet roots in a solution of 1/2 strength 

Hoagland's no. 1 nutnent solution. In this experiment, water movement 

through the roots was measured for sixty minutes before the ammonium 

carbonate was added. The initial rate for this experiment was taken as 

the rate of water movement in the last 20 minutes before the addition of 

ammonium carbonate. Just before ammonium carbonate was added, 

aerat1on was removed and was not replaced for 20 minutes. This pre­

vented the removal of ammonia by aeration. Readings were taken every 

five minutes during this 20 minute period. 

The pattern of water movement was much the same as in the 

other experiments. Upon the addition of ammonium carbonate, water 

movement practically ceased until aeration was resumed and enough 

ammonia was removed to drop the pH to approximately 7. 7. At that 

time, water movement began again and quickly resumed at a rate near 

the initial rate. 

Each graph represents the mean of two replications . 

Raising the pH of the solution so abruptly could have caused a 

shock to the root system which inhibited water movement. 

Effect with added potassium carbonate instead of arnmon1um 

carbonate. Figure 17 shows the effect of 2. 5 X l0 - 3 molar potassium 

carbonate on the rate of water movement through sugar beet roots. 

The procedure was the same as that used in the last experiment. The 

pattern of water movement was quite unlike that found when ammonium 
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carbonate was used. Upon add1tion of the potassium carbonate , the pH 

of the solution increased to 9. 4 and remained above 9 for the duratio 

of the experiment. Instead of inhibiting the movement of water through 

the roots as d1d the ammonium carbonate, the rate of water movement 

fluctuated; however, the r ate did not fall below 50 percent of the initial 

rate. Restoration of aeration had httle or no effect on the movement of 

w ater. 

It was observed that the rate of water movement in sugar beet 

roots under suction fluctuated when measured for short penods of time 

(5 minutes); however, when the measurements were made over longer 

periods of time (20 minutes ) there was much less fluctuation. This 

a c cou..~ts for the fluctuations in water movement immediately after the 

potassium carbonate was added and when the readings were taken at 

five minute intervals. Roberson (1964, using suction to pull water 

through tomato roots , also observed the same fluctuations in the rate of 

water movement during short periods of time. When no suction was 

used, the movement of water was smooth and relatively steady. 

Apparently raising the pH without ammonia present did not 

mhibit water movement through sugar beet roots . 

Water movement in response to added ammonia gas. The same 

technique was used as m the previous experiments except that ammonia 

(NH3 ) rather than ammonium carbonate, was introduced into the solu­

tions containing the roots. Ammonia gas was introduced by plac ing a 

solution of a bout 1/2 molar ammonium hydroxide into a flask and passing 
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air over the top of the ammonium hydroxide . The regular aeration 

stream was withdrawn from the solution contaimng the roots and the 

air containmg the ammoma was then mtroduced into the solution unti• 

the pH became 8. 4 - 8 . 5. The air containing the ammonia was then 

wtthdrawn from the solution and the regular aeration stream was again 

btroduced. 

For these experiments , the initial rate was taken as the fust 

20 minute perwd when measurements were begun. Except as noted, 

suction was applied at 30 centimeters of mercury. 

The result of th1s experiment is shown in Figure 18. In each of 

the four replicatwns of this experiment, as soon as ammonia was intro­

duced and the pH of the solution reached 8. 4 - 8. 5 water movement 

stopped until aeration had removed enough ammon ia from the system to 

drop the pH to 7. 7 - 7. 8, at which point water movement resumed. The 

length of time the water movement was inhibited varied with the amount 

of air in the aeration stream. In three of the replications, a peak was 

noted after the recovery of water movement but 1n the l ast replicatwn 

the rate increased rather than decreased at the end of the experiment. 

Whether this variation is due to tndividual root systems or to some 

other factor is not known. 

When 0. 0 centimeters Hg suctwn was applied, the water move ­

ment pattern looked very much hke that in the experiments ustng 

ammonium carbonate and 0. 0 centimeters Hg suction, but only at the 

beginning of the experiment ( see Figure 18) . When water movement 
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had resumed after the add1tion of ammonia, the recovery was only about 

25 percent of the initial rate for two of the replications. In the other 

replication, the water movement pattern was similar to that in the 

ammonium carbonate experiments. The differences may have been due 

to i.ndividual variat1ons or the a w moma gas may have caused some s light 

dam age. 

Water movement in response to buffers and added ammonium 

sulfate. In the following expenments the roots were immersed 1n 

either 1 X lo-2 molar potassium phosphate buffer or 5 X 10- 2 molar 

tris [tris (hydroxymethyl) amino methane] buffer, instead of water. 

Otherwise, the experiments were conducted in the same manner as the 

others. Ammomum sulfate instead of ammonium ca rbonate was used 

as a source of ammonia. The initial rate was taken as the last 20 

minutes before the addition of the ammonium sulfate. Suction was 

applied at 30 centimeters of mercury . 

The results of the experiments Wlth 1 X lo - 2 molar phosphate 

buffer and ammonium sulfate are summarized in Figure 20. at pH 6 

and pH 7 the water movement pattern is similar to the experiments in 

which potassium carbonate was added instead of ammonium carbonate. 

It is apparent that the added ammonium sulfate has little, if any, effect 

on the rate of water movement at pH 6 and pH 7. However, when the 

pH was raised to pH 8. 0 the a dd ed ammonium sulfate acted in the same 

manner as ammonium carbonate or ammonium gas, quickly reducing 

the movement of water to five percent of the initial rate or less. 
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The results of the experiments with 5 X 10-2 tris buffer and 

ammomum sulfate are summarized in F1gures 21 and 22. The experi­

ments were conducted in the same manner as the phosphate buffer exper­

iments . The tr1s buffer was adjusted to the appropriate pH with sulfuric 

acid. Ammonia was supphed as ammonium sulfate. 

At concentrations of 5 X 10 - 4 molar ammonium sulfate and at 

pH 7 the water movement was much the same as in the potassium car­

bonate experiments and the pH 6 and pH 7 phosphate buffer experiments. 

However, at pH 8 and pH 9, the pattern of water movement was much 

the same as in the pH 8 phosphate buffer experiment. One difference 

was noted: the peak after water movement had resumed was 1. 7 times 

greater than the initial rate at pH 8, and 2. 36 times greater than the 

initial rate at pH 9. Toward the end of the experiment, the rate of 

water movement had returned to near the L;itial rate. 

At concentrations of 2. 5 X lo - 4 molar ammonium sulfate, the 

pattern of water movement at pH 7 was the same as the others at that 

pH. At pH 8 and 9, the pattern was the same as that at the higher con­

centrations except that the rate of water movemen t after water move­

ment had resumed was very high and at pH 9 did not return to near the 

mit1al rate. The author is unable to explair. why the peak was so high 

only w1th this buffer. 

The experiments with ammonium carbonate, ammonia gas and 

the buffers tend to 1mplicate pH per se as the cause of the inhibition 

of water movement in sugar beet roots. However, the experiment 
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using potassium carbonate indicates that his was not the cause of the 

inhibition because no inhibition took place even at pH 9. 4 . Many work­

ers (Court et al., 1964; Warren, 1962; Vines and Wedding, 1960; a nd 

Chipman, 1934) have shown that as pH increases a bove pH 7 , the 

toxicity of ammonium compounds increases a nd that this is due to a n 

increase in the percent of ammonia (NH3 present. Ammonia (NH3), 

because of its small size, diffuses very rapidly across cell membranes 

a nd mto the cytoplasm, while the ionized form (NH4 +1 of ammonia diff­

uses much more slowly (van den Honert and Hooymans, 1961; Warren 

and Nathan, 1958; Macmillian, 1956; and Hill, 1932). 

Because the inhibition of water movement in the experimental 

sugar beet roots took place rapidly , within five minutes, and only at a 

pH greater than seven, ammonia (NH3 ) appears to cause the inhibition 

of water movement. Ammonia (NH3) could not cause inhibition of water 

movement at a pH less than seven because at this pH the concentration 

of undissociated ammonia is extremely low. Vines and Wedding ( 1960) 

showed that undissociated ammonia inhibits respiration and the itera­

ture review at the beginning of this section shows that anything that 

interferes with respiration. i.e., low temperatures, respiration inhib­

itors, reduced oxygen, etc., a lso reduc es water movement in various 

plant tissues. It is concluded that ammonia (NH3 is respons1ble for 

the inhibition of water movement in sugar beet roots and that it acts by 

reducing respiration. 
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Water movement in response to adenos inetriphosphate and ammo­

nium carbonate. The objectives of the following experiments were to 

determine the effect of adenosinetriphosphate (ATP) on reducing the 

inhibition of water movement by ammoma (NH3). The experiments with 

ATP were undertaken because ATP is a source of energy for m any bio­

logical processes and is a prime produce of respiration. Kramer 

(1955 and Slatye r (1962) both emphasize that respiration is closely 

c onnected with the movement of w a ter through various plant ti ssues. 

It is important that we understand more of the functions of ATP a nd 

its role, if it has one, in the movement of water through plant roots. 

Eac h experiment was conducted in much the same manner as the 

other experiments. l X 10-4 molar ATP (disodium salt) was added to 

the water solution at the beginning of the experiment and another incre­

ment of 1 X lo-4 molar ATP was added 40 minutes later and twenty 

minutes after th1s the ammonium carbonate was added. Aeration was 

continuous except for the twenty minute period after the addition of the 

a mmonium carbonate. Suc tion was applied at 30 centimeters mercury . 

Each graph represents four replications . 

The results of these experiments are shown in Figure 23. The 

pattern of water movement is quite unlike that when ATP was not added 

to the solution and resembles the pattern of water movement 1n the pH 6 

and pH 7 buffer experiments and in the experiments with potassium car­

bonate. The fluc tuations in water movement can be explained in the 

same way as those in the other experiments where inhibition of water 

did not ta ke place. 
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Water movement was somewhat depressed towards the end of 

the expenment. Roberson (1964) found that ATP alone in 1/2 strength 

Hoagland's nutrient solution slightly depressed the movement of water 

but that ATP plus an acetate buffer at pH 4. 5 increased the rate of 

water movement. He attributed the increase in the rate of water 

movement to poss1ble injury by the a c etate buffer . The pattern of 

water movement in these experiments also resembles the pattern of 

flow in damaged root systems. It is possible that the ATP may have 

injured the roots even though they did not behave like the acetate­

treated roots in Rober sons (1964) experiments. The ATP-treated 

roots appeare d to be normal and n o visible damage could be discerned. 

Barring any injury by ATP, it appea rs that ATP can overcome, 

at least partially, the inhibition of water movement caused by ammonia 

(NH3 ) . It may be that ATP is directly involved in maintaining the 

porosity of various plant membranes to water . 

Conclusions 

l. Ammonia (NH3) was responsible for the inhibition of water 

uptake by sugar beet roots. 

2 . ATP may overcome, at least partially, the inh1bitors of 

water uptake caused by ammonia. 
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Since ammonia (NH3) has been shown to inhibit water movement 

through excised sugar beet roots, it would be of value if the site of the 

inhibition were known. The following literature review will attempt to 

show some of the pathways of water movement across roots. This 

research 1ndicates a possible site for the ammonia - induced inhibition 

of water uptake. 

Literature Review 

As pointed out by Callander ( 1959), wat er must choose between 

two alternate pathways when it moves across roots : (a ) across the 

protoplasts and {b) through the c ell walls flanking the protoplasts. 

Both paths w1ll , of course, always be used simultaneously, and it 

seems a priori clear that the intensity of each partial stream will b e 

mversely proportional to the resistance encountered along each path. 
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Mees and Weatherly (1957) concluded that most of the water movement 

they observed occurred external to the vacuole and probably took plac e 

in the c ell walls. They increased pressure on the roots and observed 

inc reased root permeability; this was likely the result of increased 

pathway space either in the intercellular spaces, the cell walls, or in 

part of the cytoplasm. 

Mees and Weatherly (1957) also found that metabolic inhibitors 

caused a 90 percent reduction in water movement through the roots and 

they did not fmd this inconsistent with the location of the main water 

pathways 1n the cell wal: s. This was not regarded as ev1dence that 

most of the movement took place elsewhere. Russell a nd Barber (1960) 

cite evidence that the endodermis may play an important role in water 

transport across the root. 

Lebedev ( 1960) observed that DzO was not readily exchanged 

with H 20 from the cytoplasm of N1tella but was exchanged rapidly from 

the outer part of the cell. Vartapetyan (1960) found that after plants were 

kP.pt m H 2ol8 over a long perJod of time (np to 75 honrs ) the concentra ­

tlOn of H 2o1 8 in roots and leaves was only 70-80 percent of that in the 

external solution, but the ol8 concentration in the stem tissues was 

almost the same as that of the external solution. This suggests that 

the endodermis may not play an important role in water transport 

across the root. 

When Lopushinsky (1964) mcreased the pressure on tomato 

roots, he found an increase m the rate of flow of water. As the rate 
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increased, the concentration of salts in the transpnation stream 

decreased. The sa:t concentration of the exudates obtamed under 

pressure usually was less than the concentration of the external 

solution. This ind1cates the existence of a barrier in the roots which 

prevents free movement of ions into the xylem. However, Veldstra 

and Booy, H. L. (1949) found that n - diamylacetic acid has a pronounced 

synergistic action with auxins and Burst rom ( 1949) found that 

n-diamylacetic acid ruptured the epidermal cells of wheat roots without 

any apparent damage to the endodermis. Sandstrom (1950 studied salt 

absorption in roots lacking epiderm1s (epidermal cells were removed 

with n-diamylacetic acid) . He found that the concentration of salts in 

the transpirational stream of roots lack1ng epidermis approached that 

of the external media. This would mdicate that the selective absorption 

of ions should be located m the epidermis. It could ind1cate that the 

site of respirational, mcluding ammonia (NH3), inhib1tion of water 

uptake is also located in the epidermis. 

The followmg experiments u3ing n-d1amylacetic acid ar,d 

ammonium carbonate were designed to validate the hypothesis that the 

site of the ammoma induced inhibition of water uptake occurs in the 

epidermis. 

Methods and Materials 

Sugar beets were germinated and grown as described in the 

previous experiments, Part II, except that the nutrient solution was 



adjusted to pH 6 w1th KzHP04 , When the beets had grown to about 

3/8 - 5/8 inch in diameter , n-diamylacetic acid was added to each 

of 5 pots containing sugar beets until the concentration reached 
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2 X 10- 5M, to another 5 pots until the concentration reached 4 X 10-SM. 

Nothing was added to another five pots to be used as controls. 

After the n - diamylacetic acid had been add ed, a ll solutions 

were changed daily for four days Four sugar beets from each treatment 

were then removed from the nutnent solutions, decapitated, and suction 

applied to the cut surface of the roots as described previously (Section ll). 

After one hour 2 . 5 X 10-4 M ammomum carbonate was added and the 

resultant water uptake or lack of uptake was recorded . 

One plant from each treatment was used to observe the action of 

the n-diamylacetic acid on the roots. This same plant was allowed to 

grow for an extra two weeks to observe the toxicity, if any, on the 

continued growth of sugar beets . 

Results and Discussion 

Effect of n-diamylacetic acid 

Each 24 hours the pH of the nutrient solutions containing the 

n-diamylacetic acid, also those conta1ning no acid, rose from pH 6 

to pH 6. 3 - 6 . 4 which is well withm the active pH range of 

n-diamylacetic acid (Burstrom, 1949). 

When the roots had been treated with n-diamylacetic acid for 

one day, very httle, if any difference could be seen between the 
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treated and untreated roots , either visually or under a low - powered 

objective . After four days treatment, the roots treated with 4 X 10 - 5M 

n-diamylacetic acid appeared to be less glossy than the non-treated 

roots . The newer rootlets had an occasional brown section on them 

that may have indicated local damage from the n - diamylacetic acid. 

Roots treated with 2 X 10 - 5M diamylacetic acid were like the 

4 X 10 -
5

M n - d iamylacetic acid treated roots except the brown sections 

were much fewer . 

Under a low powered microscope objective , the roots had a 

rough and ropy appearance and only an occasional sickle - shaped 

epidermal c ell , as reported by Burstrorn ( 1949) and Sandstrom (1950), 

could be seen. Ruptured root hairs were not observed because the sugar 

beet developed very few , if any , root ha1rs in the nutrient solution. The 

epide rrnis appeared to have been removed from the roots exposing the 

endodermis but 4 X Jo - 5M diamylacetic acid appeared to have caused 

some damage to the new rootlets . If any damage were caused by 

2 X 10-5M n - dtamylacehc acid it was not as apparent and was certainly 

much less than in the higher concentration. 

During the n - diamylacetic acid treatment the plants appeared 

to be normal and exhibited no signs of distress. After four plants 

from each treatment were used to measure water uptake, the remain­

ing plant from each treatment was placed in n - diamylacetic acid - free 

media. A week after the plants had been removed from the acid, the 

4 X 10 - 5M n - diamylacetlc acid treated plant began to wilt and part 
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of the roo t s turned dark. At the end of the second week after removal 

from the acid new roots began to grow , wilting ceased and growth 

resumed. T rea tment with 2 X 1o-5M n-diamylacetic acid showed no 

ill effects and the sugar beets appeared normal both during treatment 

and a ft erwa rd. 

Effec t of anunoniurn ca rbonate on water abso rption 

by roots treated with n-diamylacetic acid 

The results of this experiment m a y be seen in Figure 24. With 

roots tha t had been treated with n-diamylacetic acid, ammonium car­

bonate did not inhibit water absorption. With untreated roots ammonium 

ca rbonate inhibited water absorption as was reported previously (Part II ). 

The 2 X 10-5M n-diamylacetic acid treated roots acted very much like 

roots trea ted with potass ium carbonate or ammonium sulfate at pH 7 or 

less. Again there was some variation 1n water absorption over short 

periods of tin~e but there was no almost complete inhibition as occure d 

in the untreated roots. 

The author cann.ot explain the la rge increase in the rate of 

water absorption that o ccurred a t the end of the experiment with 

4 X 10-5M n-diamylacetic acid treated roots, unless this was due to 

injury aused by the higher concentration of acid. While the results 

shown in Figure 24 are the mea n of four replications, the individual 

results for the 4 X lo-5 n - diamylacetic acid varied considerably . 

These results resembled those roots that had sustained injury from 

h1gh concentrations of ammonia or broken and otherwise damaged roots. 
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If the stte of the ammonia induced inhibition of water uptake 

lies within the root epidermis, ammonia (NH3) could not be expected to 

inhibit water absorption in roots that had had their epidermis removed. 

Conversely, if the site of the anunonia induced inhibition of water 

uptake is not withm the epidermis then ammonia (NH3) should inhibit 

the uptake of water; particularly if the pathway of water movement lies 

between the cells and in the cell walls but not through the cytoplasm. 

Since ammonia (NH3) did no t inhibit water m ovement in roots 

that had had their epidermis removed, it may be concluded that the site 

of the ammonia induced inhibition of water uptake lies within the epider ­

mis. However, the roots of the 4 X 10-SM n - d iamylacetic acid treat­

ment definitly appeared to be damaged. The roots of the 2 X 10-SM 

n-dtamylacetic acid did not appear to be damaged but the possibility 

that root damage occured in this treatment cannot be ignored and casts 

doubt on the validity of the conclusions . 

Conclusions 

1. The epidermis of sugar beet roo t s may be removed by 

n - diamylacetic acid. 

2. The endodermis of sugar beet roots may also be damaged by 

n - diamylacetic acid. 

3. Ammonia (NH3) does not inhibit water uptake in sugar beet 

roots that have been treated with n - diamylacetic acid. 

4. The slte of the ammonia induced inhibition of water uptake 

may be within the root epiderrnts . 
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GENERAL SUMMARY 

AND CONCLUSIONS 

75 

Ammonium salts, urea, aqua ammonia, and anhydrous ammonia 

are important sources of fertilizer nitrogen but they are often toxic to 

many crops. Aqua ammonia and anhydrous ammonia are the most toxic 

because the high pH of these compounds in solution generates large 

amounts of ammonia (NH3 ). Ammonia toxicity symptoms oftem re semble 

various w1lt disease s . 

In a previous study, sugar beets grown in nutrient solutions 

(pH 7 . 8 ) which contained ammonium sulfate as the rutrogen source wilted 

strongly during periods of high transpiration demand. When nitrates 

were used as the mtrogen source, little, if any, wilting was observed. 

During periods of low transpirat10n demand (at night or on cloudy da ys ) 

no wilting was observed with either ammonium sulfate or nitrates. At 

pH 7. 8 about eight percent of the total ammonia is in the NH3 form. 

These observations raised the following questions: Does 

ammonia (NH3 ) affect sugar beet stomata, causing them to remain 
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open, or does ammonia (NH3 ) greatly reduce the absorption of water by 

the roots? Either could cause wilting under condit10ns of high trans-

pi ration demand. If ammonia (NH3 ) affects the adsorption of water by 

the roots, what part of the root structure is affected - the epidermis or 

the endodermis? 

In a series of experiments with sugar beets grown in nutrient 

solutions (pH 7. 6 - 7 . 8 ) no difference in stomatal aperture was found 

between sugar beets supplied with ammonia as the nitrogen source 

during periods of high transpiration demand. However, severe wilting 

was observed with sugar beets supplied with ammonia as the nitrogen 

source during periods of high transpiration demand. The beets supplied 

with ammonia as the nitrogen source also contained significantly less 

water than those supplied with nitrates as the nitrogen source under 

the above cond1tions. During periods of low transpiration demand 

little, if any, difference was observed between the treatments. 

Apparently ammonia affects the absorption of water by the roots of 

sugar beets and has no effect upon stomatal opening or closing. 

Disks of sugar beet and potat o storage tissue were treated 

overnight with 0. 00 to 0. 01 molar ammonium sulfate in 0. I molar 

potassium phosphate or Tris buffer. Water loss from the ammonia ­

treated disks , as measured by plasmolysis with concentrated mannitol 

solutions, was retarded only when the pH of the buffers was raised to 

pH 7 . 5 or higher. At tills pH free ammonia (NH3 ) was found. At 

pH 8 . 5 - 9. 0 enough ammonia (NH3 ) was formed to be highly toxic 
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to the sugar b eet tissue but not to the pota to tissue . In itself, pH had 

little, if any, effect upon the rate of water loss from the tissue disks. 

Ammonia (NH3) w as r esponsible for the reduction of water loss from the 

t1ssue disks because ammonia (NH3 ) has been shown to be a respira tion 

inhibitor. R espiration inhibitors or other factors which interfere w1th 

r espiration reduce the absorption or desorption of water from va rious 

tissues. 

Ammonia reduced the uptake of excised sugar beet roots by as · 

much as 95 percent whether suction was a pplied to the cut end of the 

roo t or the root was merely allowed to bleed. Ammonia , whe ther added 

as ammonium ca rbonate, am1nonium sulfate or ammonia gas was equally 

effective in inhibiting water uptake by sugar beet roots whenever the 

pH was sufficiently high to result in free a mmonia . When the ammonia 

was removed, water uptake by the root returned to normal or above 

normal. Ammonia inhibited the uptake of water by reducing respiration. 

Adenosine triphosphate (ATP) a dded to the roots in concentra ­

tions of 2 X lo-4 molar either wholly or partially overcame the inhibi­

tion of water uptake by ammonia. This indicates that ATP m a y be 

connected w1th the uptake of water by roots. S1nce water uptake is a 

passive process in plants the energy supplied by ATP may be used to 

maintain the integnty of c ell membrane s truc tures . Apparently 

ammonia interferes w1th the production of ATP in a cell by inhibiting 

respiration. 
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Am.rnonia did not inhib1t water uptake in sugar beet roots which 

had had their epidermis removed with n - d1amyl acetic acid. Root dam­

age occurred at the concentrations 4 X 10-5 molar n - diamyl acetic acid 

but no damage was evident at the concentration of 2 X lQ-5 molar . This 

indica t es that the a mmonia (NH3) - induced inhib1tion of w a t e r uptake 

occurs in the root epidermis rather than the endodermis. However, 

because of the damage to the root caused by the n-diamyl a cetic acid 

at the higher concentrations one cannot be certain that damage did not 

also occur at the lower concentration, casting some doubt on the 

vahdity of the results. 

The following conclusions can be drawn from the preceding 

investigations. 

1. Am.rnonia (NH3) has no effect on the opening or closing of 

stomata, but lowers the water content of the leaf and 

causes sugar beets to wilt during periods of high transpi­

ratlOn demand. 

2. Ammonia (NH3 ) retards the loss of water from disks of 

sugar beet and pota to storage t1ssue and inhibits the uptake 

of water by excised roots. 

3. The ammonia (NH3) induced inhibition of water uptake may 

be wholly or partially reversed by ATP. 

4 . The site of the ammonia (NH3 )- induced inhib1tion of water 

uptake may be within the epiderm1s of the root. 
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The ammonia induced inhibition of water uptake need further 

study, particularly with species other than sugar beet. Also, studies 

with ATP and ammonia need to be continued with other species and par­

ticularly with other respiration inhibitors such as dinitrophenol , azide, 

cyanide, etc . Some means of e luc idating the Inechanism or mechanisms 

of the inhibition of water uptake by respiration inhibitors should also be 

investigated. 
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