
/tM V 0 /^O/ zfe r,/^ r 

PEA-ROOT EXUDATES AND THEIR 
EFFECT UPON ROOT-NODULE BACTERIA 

A. W. S. M. VAN EGERAAT 

NN08201,538 



635.656:581.135:631.461.52 

A. W. S. M. VAN EGERAAT 

PEA-ROOT EXUDATES AND THEIR 
EFFECT UPON ROOT-NODULE BACTERIA 

(with a summary in Dutch) 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD 
VAN DOCTOR IN DE LANDBOUWWETENSCHAPPEN OP GEZAG VAN 

DE RECTOR MAGNIFICUS, PROF. DR. IR. H. A. LENIGER, 
HOOGLERAAR IN DE TECHNOLOGIE, 
IN HET OPENBAAR TE VERDEDIGEN 

OP VRIJDAG 8 DECEMBER 1972DES NAMIDDAGS TE VIER UUR 
IN DE AULA 

VAN DE LANDBOUWHOGESCHOOL TE WAGENINGEN 

H. VEENM AN & ZONEN N.V. - W A G E N I N G E N - 1972 



S T E L L I N G E N 

I 
De algemeen optredende groeistimulatie van voornamelijk tot het geslacht 

Rhizobium behorende bacterien in de rhizosfeer van vlinderbloemige planten 
wordt naar men aanneemt veroorzaakt door de uitscheiding van specifiek Rhi­
zobium stimulerende verbindingen door wortels van leguminosen; het bestaan 
van een groeiremmende factor voor Rhizobium, uitgescheiden door wortels van 
niet-vlinderbloemige planten, is echter evenzeer denkbaar. 

II 
Homoserine, afgegeven door erwtekiemwortels als gevolg van verwondingen 

ontstaan bij het uittreden van zijwortels, lijkt selectief de groei van die Rhizo-
Wwm-stammen te bevorderen welke behoren tot de 'cross-inoculation'-groep 
Rhizobium leguminosarum. 

Ill 
Het door SCHUPHAN voor mogelijk gehouden verband tussen de toeneming 

van het aantal gevallen van hart- en vaatziekten en hoge stikstofbemesting van 
voedingsgewassen lijkt ongegrond. 

W. SCHUPHAN: Ernahrungs-Umschau 18,1971,148. 

IV 

In navolging van het bestaande periodieke bevolkingsonderzoek naar Iong-
tuberculose zou een periodieke screening op coronaire hartziekten van groot 
belang zijn voor de volksgezondheid. 

V ' 
Bij een studie over de opname van voedingselementen door de plantewortel 

onder niet steriele omstandigheden dient rekening te worden gehouden met de 
aanwezigheid van een rhizosfeer-microflora welke de beschikbaarheid van voe-
dingsstoffen voor de plant sterk kan bei'nvloeden. 

D. A. BARBER: Ann. Rev. Plant Phys. 19,1968,71. 
M. LOUTIT e.a.: Soil Biol. Biochem. 4,1972,267. 

VI 
Naast het binden van stikstof bij leguminosen zouden bacterien behorend 

tot het geslacht Rhizobium mogelijk ook, door een direct effect op de wortel, 
een verbeterde opname van voedingselementen uit de grond kunnen bewerkstel-
ligen. 

T. A. LIE: Plant and Soil, Special Volume, 1971,117. 
D. A. BARBER: Ann. Rev. Plant Phys. 19,1968,71. 



VII 
Bij de preventie van voedselvergiftiging door levensmiddelen van dierlijke 

oorsprong zou een controle van de veestapel van vnl. de grote bedrijven (de 
bio-industrie) op met name de aanwezigheid van pathogene micro-organismen 
en op restproducten van grote betekenis kunnen zijn. 

VIII 
Het toepassen van een directe, selectieve ophopingsmethode voor het aanto-

nen van Salmonella in gedroogde voedingsmiddelen geeft een onjuist beeld over 
de werkelijke mate van besmetting. 

M. VAN SCHOTHORST en F. M. VAN LEUSDEN : 
Zlb. Bakt. Hyg., I. Abt. Orig. A 221,1972,19. 

IX 
De berekeningen van BEEK betreffende de fosfaatvervuiling van het opper-

vlaktewater ten gevolge van de verschillende distributieve bronnen (huishou-
dens, veeteelt, landbouw) zijn zeer aanvechtbaar. 

W. J. BEEK : Toekomstbeeld der Techniek 8,1971,11. 

X 
De fosfaatbelasting van het oppervlaktewater is slechts in belangrijke mate 

terug te dringen door defosfatering van het effluent van rioolwaterzuiveringsin-
stallaties. De hoge kosten om dit te verwezenlijken zouden mede moeten worden 
gedragen door de wasmiddelenindustrie. 

XI 
Milieubelasting geheven op het huishoudelijk afvalwater als vaste aanslag 

per woning is onjuist, beter ware het om de drinkwaterrekening met een bepaald 
percentage, afhankelijk van het verbruik, te verhogen. 
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1. INTRODUCTION 

A. SURVEY OF THE LITERATURE PERTAINING TO PLANT-ROOT EXUDATES 
AND THEIR INFLUENCE UPON SOIL MICROORGANISMS 

1.1. GENERAL INTRODUCTION 

HILTNER (1904) observed that microorganisms were more abundant in soil 
near plant roots than in distant soil. The zone in which stimulation occurred he 
termed 'the rhizosphere'. The first indication concerning root exudation was 
provided by KNUDSON (1920) who found that peas and maize grown under 
aseptic conditions in sucrose solution produced considerable quantities of re­
ducing sugars. He suggested that the sucrose was absorbed by the roots and 
converted to reducing sugars, which were subsequently excreted. LYON and 
WILSON (1921) found that organic nitrogen compounds were released from 
maize roots growing under sterile conditions. 

A specific effect caused by root exudates was first demonstrated by O'BRIEN 
and PRENTICE (1930). They showed that the cysts of the potato eelworm (Hetero-
dera schachtii) hatched in the presence of root washings of potato, but not with 
washings of beet, lupin, mustard or oat roots. 

After these findings, research into the nature and effect of root exudates came 
to a temporary standstill. This was probably due to difficulties in the identifica­
tion of organic compounds at the low concentrations at which they occur in root 
exudates. In the last ten to fifteen years, however, research in this field has con­
siderably increased. 

1.2. T H E RHIZOSPHERE EFFECT 

The rhizosphere may be defined as the zone of about 5 mm surrounding the 
roots. In this zone there occurs considerable stimulation of growth of micro­
organisms. The extent of the rhizosphere effect is characterized by the R/S ratio 
( R = number of microorganisms in the rhizosphere soil, S = number of micro­
organisms in the soil, without roots). The rhizosphere effect is most pronounced 
in the case of bacteria: R/S values of 10 to 100 or even higher are reported. 
Gram-negative non-sporulating rod-shaped bacteria are favoured by the roots 
of most plants (LOCHHEAD, 1940; SPERBER and ROVIRA, 1959; ROUATT et al, 
1963). Actinomycetes and fungi are less strongly stimulated in the rhizosphere 
(PARKINSON, 1958; PETERSON, 1958), while protozoa and algae are only very 
slightly stimulated (ROUATT et al, 1960). Nematodes are also found more fre­
quently in rhizosphere soil than in root-free soil (HENDERSON and KATZNELSON, 
1961). 

Meded. Landbouwhogeschool Wageningen 72-27 (1972) 1 



The rhizosphere effects of different plants vary in magnitude. In a study of six 
plants, the highest rhizosphere counts were reported with red clover, followed by 
flax and oats, while the lowest counts were found with wheat, barley and corn 
(ROUATT and KATZNELSON, 1961). In general, leguminous plants have larger 
rhizosphere populations than non-legumes, while root-nodule bacteria are much 
more strongly stimulated by legumes than other rhizosphere organisms. With 
legumes, the R/S ratio for Rhizobium often exceeds 106, whereas for other rhi­
zosphere bacteria ratios fall within the range of 10 to 100 (NUTMAN, 1965). In 
general, nodule bacteria are little affected by roots of non-legumes. Nodule 
bacteria are more strongly stimulated by those hosts which they are able to 
infect than by other legumes (WILSON, 1930). This was again shown recently by 
ROBINSON (1967), who found that in a mixed pasture of subterranean clover 
(Trifolium subterraneum) and lucerne (Medicago sativa), clover only stimulated 
Rhizobium trifolii but not Rhizobium meliloti. Lucerne stimulated both species 
in the rhizosphere. In water cultures or in agar media there is no evidence of 
differential stimulation (PURCHASE, 1952). 

So far nothing is known of the cause of the specific stimulation of Rhizobium 
spp. by the legume roots in general and of the stimulation of individual strains 
by certain hosts in particular. It may well depend on the root exudates from 
legumes being more varied than those from other plants (ROVIRA, 1956, 1962). 
According to ROVIRA (1969), it is unlikely that the ubiquitous sugars, amino 
acids and organic acids provide the specificity, but rather the balance of these 
compounds or the presence of exotic compounds peculiar to a particular plant 
species. 

1.3. THE NATURE OF THE EXUDATES 

ROVIRA (1965, 1969) has reviewed the nature of plant-root exudates. At least 
ten sugars have been identified in the exudates of a wide range of plants, glucose 
and fructose being in general the most abundant. Amino acids are the most fre­
quently studied group of compounds in plant root exudates. Considerable varia­
tion has been reported for different plants. Moreover, different exudation pat­
terns for one single plant species has been reported, but this may be due to the 
different conditions under which the experiments have been conducted. Vita­
mins have also been found in root exudates. Although in general the levels are 
low, they may have a considerable effect on vitamin-requiring microorganisms 
in the rhizosphere. WALLACE and LOCHHEAD (1949) found a high proportion of 
vitamin-requiring bacteria in the rhizosphere. Exudation of organic acids has 
been reported by RIVIERE (1959, 1960). FRIES and FORSMAN (1951) found nu-
cleic-acid derivatives among the exuded compounds, while exo-enzymes have 
been identified in the exudates of maize roots (ROGERS et al, 1940 1942) A wide 
range of miscellaneous compounds are released from roots, several being toxic 
to microorganisms, e.g. hydrocyanic acid (TIMONIN, 1941) glycosides 

S S S T C K ' 1 9 58 ) ' ^ S a P ° n i n S <MISHUS™ and NAUMOVA, 1955) E L ^ N 
(1961) demonstrated that non-nodulating, soybean released compounds which 
2 
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altered the morphology of Rhizobium japonicum and prevented nodulation of 
the nodulating soybean line. Finally, factors affecting nematodes and fungi are 
found in root exudates (O'BRIEN and PRENTICE, 1930; KERR, 1956; BUXTON, 

1957; WALLACE, 1958; BIRD, 1959). 

1.4. FACTORS AFFECTING ROOT EXUDATION 

The exudation of organic compounds by roots can be influenced by many 
factors. The amounts, identity and mutual proportion of compounds in root 
exudates differ for different plant species (ROVIRA, 1965). Plant age is also im­
portant. ROVIRA (1956) found more amino acids and sugars being exuded by 
peas and oats during the first ten days of growth than during the second ten 
days. ROVIRA (1959) found an increased exudation of asparagine by tomato 
roots and subterranean clover with rising temperature. HUSAIN and MCKEEN 

(1963) also found a temperature-dependent exudation. The light intensity at 
which plants were grown affected the amount and mutual proportion of com­
pounds exuded into the nutrient solution by tomato and subterranean clover 
roots (ROVIRA, 1959). BOWEN (1969), working with Pinus radiata seedlings, 
demonstrated a marked effect of plant nutrition on exudation of amino acids by 
roots. Especially phosphate deficiency caused an increase in amino-acid exuda­
tion. 

It may be assumed that in the rhizosphere, where a very large development of 
microorganisms occurs, exudation is affected by the presence of these organisms. 
ROVIRA (1965) supposed that microorganisms can affect exudation in at least 
three ways: a. by altering the permeability of root cells, b. by modifying the 
metabolism of the roots and c. by modifying some of the material released from 
the roots. LJUNGGREN and FAHRAEUS (1959,1961) found that polygalacturonase 
was released from roots under the influence of compatible Rhizobium spp. 
However, according to SOLHEIM and RAA (1971) such a release would not occur; 
the observed polygalacturonase activity was assumed to depend on fungal con­
tamination. 

Root exudates are affected by the media used for exudation studies. Most 
studies are done with solution cultures, but exudation of roots growing in soil 
may be quite different from exudation of roots growing in solution or sand 
cultures due to the different physical and chemical environments (ROVIRA, 1969). 
BOULTER et ah, (1966) found seven times more amino acids released from roots 
growing in quartz sand as compared with those growing in nutrient solution. 
These results, however, are doubtful, because part of the exudates in sand may 
have been caused by the damaging of root hairs and epidermical cells during 
removal of the roots from the sand. KATZNELSON et ah (1954,1955) demonstrat­
ed that temporary wilting of plants greatly increased the exudation of amino 
acids into sand or soil. The amino acids were rapidly released from the roots of 
wilted plants after rewetting. This factor may be important under field condi­
tions when rainfall occurs after a diy period. However, it is likely that the 
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sudden wetting of the roots damages the root hairs and epidermal cells (author's 
experiments), which may interfere with the observation of KATZNELSON et al. 

Apart from factors such as temperature, light, soil moisture and rooting 
medium, it is possible to affect the exudation by more adjustable means. At­
tempts have been made to control the rhizosphere microflora by foliar applica­
tions. AGNIHOTRI (1965) modified the exudation of wheat by foliar spray of 
urea. He found a marked increase in the exudation of glucose, fructose, gluta-
mine and oc-alanine, and a decrease in the exudation of organic acids. VRANY et 
al. (1962) found an increased exudation of amino acids and sugars by wheat 
roots after application of chloramphenicol on the leaves. This caused fewer 
bacteria and more fungi in the rhizosphere. Alteration of the rhizosphere micro­
flora caused by changes in the exudates has also been reported by 
RAMACHANDRA-REDDY, 1959; VENKATA-RAM, 1960; HORST and KERR, 1962; 

VRANY et al, 1962; AGNIHOTRI, 1964 and VRANY, 1965. PEACOCK (1966) studied 
the control of nematodes by foliar sprays. He showed that a nematocide moved 
from the leaves to the roots of tomato plants, where it reduced the numbers of 
galls caused by the nematodes or even killed the nematodes in the sand sur­
rounding the roots. 

The use of foliar sprays can be very promising in controlling plant diseases 
caused by root pathogens. 

1.5. MECHANISM AND SITES OF ROOT EXUDATION 

Little is known about the mechanism of root exudation. The key question is 
whether exudation is controlled by metabolic processes or is a simple leaking 
out of compounds (ROVIRA, 1969). BOULTER et al. (1966) found that the ratios 
of compounds of root exudates and root extracts are not the same. They con­
cluded that a selective exudation of compounds by roots takes place, but ROVIRA 

(1969) questions this conclusion in view of the fact that exudation is probably 
not uniform along a root, while the cell contents of different parts of the(root 
may differ. In a comparison of root exudates and homogenates of root tips, 
AYERS and THORNTON (1968) found that the amino acids present in greatest 
abundance in the root tips were also the most abundant in the exudates. 
LUNDEGARDH and STENLID (1944) linked exudation with respiration and RIVIERE 

(1959) posed that exudation should be considered to be a consequence of cell 
permeability at a particular stage of growth. 

With regard to the sites of exudation, the zone immediately behind the root 
tip has been considered to be the most important. This was found by PEARSON 

and PARKINSON (1961) and by SCHROTH and SNYDER (1962) who studied the 
exudation of ninhydrin-positive compounds by broad beans. Additional evi­
dence of the importance of this zone is that it strongly attracts nematodes 
(BIRD, 1959) and fungal zoospores (ZENTMYER, 1961). 

There is evidence, however, that older parts of the roots also exude organic 
compounds. FRENZEL (1960) used mutants of Neurospora with specific nutrient 
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requirements and showed that with Helianthus annuus, threonine and aspargine 
came from the root tip and leucine, valine, phenylalanine and glutamic acid 
from the root-hair zone. SCHROTH and SNYDER (1962), working with beans, 
found that sugars and amino acids were exuded from the zone where adventi­
tious roots emerged. MCDOUGALL (1968) showed that wheat exuded C14-labeled 
compounds mainly from the zone of lateral roots after these had fully emerged. 
Subsequent experiments showed that most of the radioactive material came from 
the lateral root tips (ROVIRA, 1969; MCDOUGALL and ROVIRA, 1969). BOWEN 

(1968), working with. Pinus radiata roots labeled with CI36, showed that chloride 
exudation occurred along the entire length of the roots, but the highest propor­
tion of the chloride was exuded from the apical region. 

From the above-mentioned data it can be concluded that the sites of root 
exudation are not the same in different plant species. It is difficult to draw fur­
ther conclusions, because the experimental work has been done with plants of 
various ages, under different growth conditions, and by means of different tech­
niques. 

B. SCOPE OF THE INVESTIGATIONS 

The aim of the present investigations was a. to study the behaviour of Rhizo-
bium spp. on and close to the surface of pea-seedling roots in relation to root 
exudates, b. to study sites and mechanism of exudation of pea-seedling roots and 
c. to identify root exudates and their possible action upon Rhizobium spp. 
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2. MATERIAL AND METHODS 

2.1. PLANT MATERIAL 

The experiments were mainly carried out with pea plants, Pisum sativum L., 
cultivar Rondo. For comparison, in certain experiments also other plant species 
were used (see the relevant experiments in chapters 4 and 7). 

Selected seeds were surface-sterilized by shaking in a 3 % H202 solution con­
taining a drop of detergent (Teepol) per 25 ml during twenty minutes. The seeds 
were transferred, without washing, to Petri dishes containing 2 % agar in tap 
water. For some experiments the agar was covered with a sheet of Whatman 
nr. 1 filter paper. The seeds were left to germinate at room temperature in the 
dark for 3-8 days. The seedlings were then treated in different ways depending 
on the experiments to be carried out. 

When fully-grown pea plants were needed, sterile seedlings were transferred 
to jars containing a nutrient solution of the following composition: K2HP04, 
0.36 g; KH2PO4,0.12g; MgS04.7H20, 0.25 g; CaS04, 0.25 g; Fe+ + +-citrate, 
30 mg; MnS04.4H20, 1 mg; ZnS04.7H20, 0.25 mg; CuS04.5H20, 0.25 mg; 
H3BO3, 0.25 mg; Na2Mo04.2H20, 0.05 mg, per 1000 ml of tap water. The 
seedlings were wrapped in sterile cotton wool and placed with their roots in 
Erlenmeyer flasks containing 300 ml nutrient solution. If necessary, additional 
nutrient solution was supplied during the experiment. When sterile cultures 
were needed, the nutrient solution was first sterilized at 105 °C for 20 minutes. 
The plants were grown in a controlled-environment cabinet using artificial light 
(circ. 45.000 ergs/cm2/sec, photoperiod 12 hours) at a temperature of approxi­
mately 23 °C. 

2.2 . RHIZOBIUM STRAINS 

Two Rhizobium leguminosarum strains were mainly used: PRE and PF2. Both 
strains are effective with pea plants and are making large, red-coloured nodules. 
In a few experiments also other Rhizobium strains were used (see the relevant 
experiments). 

The bacteria were maintained on yeast-agar slopes of the following composi­
tion: Difco yeast extract, 1 g; mannitol, 10 g; K2HP04, 0.5 g; MgS04.7H20, 
0.25 g; NaCl, 0.1 g; CaC03, 3 g; Davies agar, 10 g, per 1000 ml of tap water. 
For plant inoculation, 1-2 drops (circa 1/20 ml) of a 7-days-old culture, suspend­
ed in 50 ml of sterile water, was applied per plant. For growth experiments with 
Rhizobium, 1 loopful of a 7-days-old culture was suspended in 10 ml of sterile 
water. After diluting 1:102, 1-2 drops of this suspension was used for inocula­
tion. 
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2.3. BACTERIOLOGICAL METHODS 

2.3.1. Growth of Rhizobium 
The bacteria were grown in Erlenmeyer flasks of 100 ml capacity, containing 

25 ml of nutrient solution. Incubation took place on a rotary shaker at 25 °C 
during seven days. In some experiments, culture tubes containing 5 ml of nu­
trient solution were used instead of the Erlenmeyer flasks. The tubes were placed 
in an almost horizontal position to ensure good oxygen supply. 

2.3.2. Estimation of bacterial growth 

2.3.2.1. P l a te c oun t s 
Plate counts were performed on yeast-extract medium (see 2.2) solidified 

with 1 % agar. Amounts of 0.2 ml of suitable dilutions of bacterial suspensions 
were evenly spread over the agar surface using a bent glass rod. Colonies were 
counted after 5 days incubation at 25 °C. 

2.3.2.2. Spot -p la te coun t s 
Portions of 0.02 ml of suitable dilutions were pipetted on a yeast extract agar 

medium (10 spots per plate) using a microscrew attachment. The agar plates were 
dried by storage at 25 °C for 3 days prior to use. The spots were counted after 
24 hours incubation at 25 °C under a Wild-M5 stereomicroscope. 

2.3.2.3. Nephe lome t r i c me thod 
The turbidity of bacterial suspensions was measured at 610 m\L using a Kipp 

nephelometer. 

2.4. GENERAL AND CHEMICAL METHODS 

2.4.1. Collection of root exudates 
A glass jar of 800 ml capacity was filled up until 1 cm below the brim with 

glass-distilled water or with plant-nutrient solution (see 2.1, 1/5 strength). The 
jar was wrapped in aluminium foil and the top covered with a perforated glass 
plate. The jar was then placed in a larger, empty glass jar of 3000 ml capacity and 
the top of the latter covered with cellophane. After sterilization and cooling, pea 
seedlings were aseptically transferred from Petri dishes to the glass plate cover­
ing the inner jar. They were inserted in the holes, taking care that the root tips 
were in contact with the solution (see fig. 2.1). Each jar contained 18 seedlings. 
The cultures were placed under controlled environmental conditions (see 2.1). 

2.4.2. Collection of root-tip exudates 
For these experiments, plastic tubes of 20 ml capacity, partly filled with nu­

trient solution, were used. Adjustable rubber rings, with a small hole in the 
centre, were mounted in the tubes. After sterilization and cooling, pea seedlings 
were placed on the rubber rings with the roots through the holes just in contact 
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FIG. 2.1. Apparatus used for obtaining root exudates of pea seedlings. 

with the solution (see fig. 2.2). Every three hours, the rubber rings were pulled 
upward so that during the whole experiment only root tips were in contact with 
the solution. 

copper 
thread 
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Q 

I FIG. 2.2. Apparatus used for obtaining 
I root-tip exudates. 
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2.4.3. Collection of compounds adhering to the root surface 
Roots of pea seedlings without lateral roots and grown under humid condi­

tions were immersed into glass-distilled water during two hours (perforated glass 
plates were used to support the cotyledons). 

A different method was to scrape the roots using a razor blade. Material 
derived from several roots was collected in glass-distilled water. Using this 
method, compounds from epidermal cells and from the outer cortex cells in 
addition to the compounds adhering to the root were collected. 

2.4.4. Preparation of tissue extracts for the analyses of ninhydrin-positive 
compounds 

Fresh plant tissue was homogenized in a mortar in a small volume of 70 % 
alcohol. Afterwards more alcohol was added up to 200 ml. The suspension was 
left overnight at 4°C and then filtered through a Whatman glass-fibre filter 
GF/C. The residue was washed several times with glass-distilled water. The fil­
trate and the washings were pooled and evaporated under vacuum at 50 °C to a 
final volume of 25 ml. The ninhydrin-positive compounds were assayed after 
deproteinization of the extract with sulfosalicylic acid (2.5 mg/10 ml extract) and 
centrifugation. By adding the sulfosalicylic acid, the pH of the extract dropped 
to approximately 2.0. 

2.4.5. Treatment of root exudates for the analyses of ninhydrin-positive com­
pounds 

2.4.5.1. 
The nutrient solution in which roots had been grown was filtered through a 

Whatman nr. 1 filter paper to remove root caps and other cell debris and after­
wards desalted using the cation-exchange resin Amberlite IR-120 (H+) . The 
ninhydrin-positive compounds were eluted from the resin with 0.5 N NH4OH 
and the eluate was evaporated under vacuum at 50 °C until dry. The residue was 
dissolved in 10 ml of a buffer solution having a pH of 2.2 (composition buffer: 
see table 2.1). 

2.4.5.2. 
When ninhydrin-positive compounds adhering to the root surface had been 

collected, the solution was filtered through Whatman nr. 1 filter paper and after­
wards evaporated under vacuum at 50°C to a final volume of 10 ml. Sulfosali­
cylic acid was added and after centrifugation the samples were assayed for nin­
hydrin-positive compounds. 

2.4.6. Treatment of root exudates for analyses of U. V.-light-absorbing compounds 
The experiments were performed in glass-distilled water. After filtration and 

evaporation under vacuum at 50 °C until dry, the residue was dissolved in 5 ml 
0.1 N HC1. 
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2.4.7. Hydrolyses of tissue extracts and root exudates 

2.4.7.1. Ninhydrin-positive compounds 
Portions of tissue extracts or root exudates were diluted 20-fold with 6 N HC1. 

Hydrolysis was carried out in a sealed glass tube during 20 hours at 110°C. The 
hydrolysed samples were evaporated under vacuum at 50 °C until dry and the 
residue was dissolved in a buffer solution of pH 2.2. 

2.4.7.2. U.V.-light-absorbing compounds 
Portions of the exudates were evaporated until dry. Then 0.3 ml of 72% 

HC104 was added and hydrolyses were carried out in a water bath during two 
hours at 100°C. After hydrolysis, 3.70 ml 0.1 N HC1 was added and afterwards 
the sample was centrifuged. 

2.4.8. Determination of ninhydrin-positive compounds 
The analyses were made with the aid of a Biocal-200 amino-acid analyser, 

following the procedure of MOORE and STEIN (1954). Acid and neutral ninhy­
drin-positive compounds were eluted from a column containing 55 by 0.9 cm 
Biorad A 6 spherical ion-exchange resin. The basic amino acids were separated 
on a 25 by 0.9 cm Biorad A 5 ion-exchange resin. The citrate buffers used for the 
separation were prepared as indicated in table 2.1. Theninhydrin solution con­
tained: methyl cellosolve, 750 ml; sodium acetate buffer (4 N, pH 5.51 ± 0.03), 
250 ml; ninhydrin, 20 g and SnCl2.2H20, 400 mg. The identities of the nin­
hydrin-positive compounds in the samples were determined by comparison 
with analyses obtained from calibration mixtures of authentic ninhydrin-
positive compounds and by adding pure compounds to the samples. The amount 
of each ninhydrin-positive compound in the sample was determined by mea­
suring the area enclosed by its corresponding peak on the chromatogram and 
comparing this area with the area found when known concentrations of authen­
tic ninhydrin-positive compounds were used. 

TABLE 2.1. Buffers used in the analyses of ninhydrin-positive compounds. 

Composition of buffer 

Sodium citrate.2H20 
HC1, concentrated 
Thiodiglycol 
Brij-35 (50 g/100 ml) 
N-caprylic acid 
Final volume 

(g) 
(ml) 
(ml) 
(ml) 
(ml) 

(1) 

pH 
A B C 

3.25 ± 0.02 4.25 ± 0.02 5.28 ± 0.02 2.20 ± 0.02 
19.6 19.6 34.3 
12.3 8.4 6.5 
5.0 
2.0 2.0 2.0 
0.1 0.1 0.1 
1.0 1.0 1.0 

19.6 
16.5 

_ 
2.0 
0.1 
1.0 

Buffers A and B were used for the separation of acid and neutral ninhydrin-positive com­
pounds, buffer C for the separation of basic ninhydrin-positive compounds. Buffer pH 2.2 
was used as starting buffer and for diluting and dissolving of samples. 
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2.4.9. Determination of U. V.-light-absorbing compounds 
U.V.-light-absorbing compounds were separated on a cation-exchange resin 

Zeocarb 225 (H+) , 200-400 mesh. The column (15 by 1 cm) was thoroughly 
washed with 1.0 N HC1. Excessive acid was removed with water. Separation was 
achieved by gradient elution with HC1, following the procedure described by 
DURAND (1966). The initial concentration of HC1 was 0.25 N. The highest con­
centration used to obtain the gradient was 2.5 N. 

Fractions of 6 ml were collected using an automatic fraction collector and the 
absorbancy of each fraction was determined at 260 mjx using a Beckman, model 
D.U., spectrophotometer. The fractions apparently containing one compound 
were pooled and evaporated to dryness. The residue was taken up in 0.2 ml 0.1 
N HC1 and 0.05 ml of this sample was applied to a strip of Whatman nr. 1 filter 
paper (40 by 6 cm). Authentic compounds were applied on the same strip. 
Chromatography (ascending method) was carried out using either iso-propanol 
- conc.HCl - H 2 0 (170-44-36) or n-butanol - H 2 0 (86-14) or n-butanol -
sat.H3B03 (86-14) as a solvent. After 24 to 36 hours, the paper was dried at 
room temperature and then examined under U.V.-light. The spots showing ab­
sorption were marked and afterwards cut from the paper. The spots were eluted 
with 5 ml 0.1 N HC1 for 5 hours at 37 °C. After centrifugation, absorption spec­
tra were made. 
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3. THE SITES OF EXUDATION OF PEA-SEEDLING ROOTS 

3.1. INTRODUCTION 

Several reports deal with sites of root exudation of a wide variety of plant 
species (see 1.5). In most of the investigations, filter paper was used to absorb 
the compounds released by the growing roots. After removing the roots from 
the filter paper, the absorbed compounds could be detected by spraying with 
specific reagents. When radioactive compounds are released, use may be made 
of a recording radiochromatogram scanner (BOWEN and ROVIRA, 1967). 

In general, the root tip is considered to be the major site of exudation. 
The aim of this investigation was to localize the sites of exudation of young 

pea roots. 

3.2. EXPERIMENTAL 

To localize the sites of exudation of pea-seedling roots, a modification of the 
filter-paper technique, first described by PEARSON and PARKINSON (1961) was 
used. Petri dishes (diameter cover 14 cm) were placed in larger Petri dishes. The 
space between the two dishes was filled with paper tissue (Kleenex). The smallest 
Petri dish was covered with a disc (diameter 14 cm) of Whatman nr. 1 filter pa­
per. The filter paper and the tissue were slightly wetted with sterile water. Seed­
lings with roots of circa 1 cm were placed on the tissue in such a way that the 
root tips were just in contact with the filter paper. On top of the filter paper disc 
and covering the root tips, another disc (diameter 14 cm) of moist filter paper 
was placed. The Petri dishes, each containing 5 seedlings, were placed in the 
dark at room temperature. 

After 24 hours, the upper filter paper was removed and the seedlings were 
carefully transferred to another similar device for the next 24 hours. The filter 
paper that was left was air-dried and afterwards sprayed with a solution of nin-
hydrin, 0.2 g, in 100 ml ethanol and 4 ml collidine to detect ninhydrin-positive 
compounds. Organic acids were detected by spraying with a 9:1 mixture of 
n-propanol and cone, ammonia followed by a solution of bromophenol blue, 
50 mg, in 100 ml ethanol and 200 mg of citric acid. 

3.3. RESULTS AND DISCUSSION 

From fig. 3.1 it will be seen that exudation by young pea roots takes place at or 
just behind the root tips. Lateral roots behave similarly to the main root. The same 
exudation pattern was found for organic acids. These findings are in agreement 
with the generally accepted view that the root tip is the major site of exudation. 

However, in the present study, additional sites were found to release consider-
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FIG. 3.1. Sites of exudation of ninhydrin-positive compounds by roots of pea seedlings. 
A: 1, root length at start of experiment; 2, root after 24 h; 3, filter paper after spraying with 
ninhydrin. B is similar to A, except older roots being used. 
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