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I. I N T R O D U C T I O N 

As a root grows through soil it alters the soil conditions in its immediate 
vicinity in a number of ways and in doing so has important effects 
on the diverse microbial population of the soil. The active root exudes, 
particularly from a region just behind the root tip, organic and inorganic 
substances which usually enhance microbial activity although some exuded 
materials may operate against certain micro-organisms. Sloughed-off root 
cells, presumably derived in young roots mainly from the root cap, provide 
substrates for microbial development. Carbon dioxide, oxygen and water 
tensions in the root region must be considerably different from those in the 
soil distant from the roots and must affect microbial activity in the root 
region. Other phenomena include the tendency for the pH of the soil adjacent 
to roots to be nearer neutrality than that of the soil distant from roots; also 
the redox potential of the soil adjacent to roots is lower, presumably as a 
result of root exudates, than that in the general soil. Recently it has been 
shown (Barber, 1962) that, under certain conditions, it is possible that there 
may be a concentration of inorganic nutrients in the immediate vicinity of 
roots. 

These factors must all operate in one way or another to effect the now 
highly documented numerical and physiological stimulation of micro-
organisms in the root region—a region which comprises the most studied 
group of soil microhabitats. 

Interest in this group of microhabitats stems from the discoveries in the 
nineteenth century of spectacular associations of soil micro-organisms 
and plant roots—legume nodules, mycorrhizas and pathogenic associations. 
The descriptions of such associations focused attention on the soil-root 
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interface as an important zone of microbial activity. However, this attention 
was initially concentrated on the possibility of inoculating non-legumes with 
nitrogen-fixing bacteria, and although these studies were unproductive they 
nevertheless demonstrated microbial stimulation in the environs of roots. 
In 1904 Hiltner defined the zone of enhanced microbial development round 
roots as the rhizosphere (the soil immediately influenced by plant roots), 
but it was not until a quarter of a century later that detailed studies on the 
rhizosphere microflora were begun (Starkey, 1929a, b, c). 

Thus it has been appreciated that soil micro-organisms exhibit a range of 
relationships with the roots of higher plants. These may be considered as: 

(1) symbiotic (e.g. mycorrhizal associations, legume nodules); 
(2) parasitic (where the causal organisms range from unspecialized to 

highly specialized forms) ; 
(3) less clearly defined relationships grouped together as rhizosphere and 

root surface phenomena. 
It is not proposed to deal with the symbiotic and parasitic associations in 

this chapter in view of the admirable and detailed accounts which are already 
available (Harley, 1959; Garrett, 1956; Hallsworth, 1958). It may be con-
sidered that many of these associations represent highly evolved types of 
root-microbe inter-relation, and it is the function of this chapter to consider 
the less intimate, less specific relations of soil micro-organisms and plant 
roots. 

Although the initial descriptions of increased microbial activity in the rhizo-
sphere were based on studies of soil bacteria, numerous workers (Starkey, 
1931; Katznelson, 1946; Hadfield, 1960; Henderson and Katznelson, 1961) 
have since shown that various other groups of soil micro-organisms (viz. 
fungi, actinomycetes, algae, protozoa and nematodes) are also stimulated in 
the root region. It has been generally demonstrated, however, that soil 
bacteria are the most influenced of the soil microflora in the root region. 
The stimulus of roots on microbial development in the soil (the rhizosphere 
effect) has been assessed by comparing the numbers of micro-organisms in 
unit weight of rhizosphere soil with those in unit weight of soil distant from 
the roots—thus giving the well-known R/S values. 

From the early work of Starkey (1931) and others on rhizosphere pheno-
mena it soon became evident that the numbers of micro-organisms increased 
with increasing proximity to the roots. Measurable rhizosphere effects have 
been detected at various distances from plant roots—up to 5 mm from the 
roots of tomatoes (Rovira, 1953), up to 16 mm from lupin roots (Papavisas 
and Davey, 1961)—but it is not possible to generalize on the extent of the 
rhizosphere, being, as it is, dependent on the metabolic state of the plant and 
the nature of the soil (in general it appears that the poorer the soil the more 
pronounced the rhizosphere effect). The maximum stimulating effects of 
plant roots on soil micro-organisms were shown to operate at the root 
surface (Starkey, 1931; Katznelson, Lochhead and Timonin, 1948; Webley, 
Eastwood and Gimingham, 1952). 
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Together with the demonstrations of enhanced microbial development in 
the root region and of the fact that this enhancement decreased with in-
creasing distance from the roots, there arose a multiplicity of terms—a 
result of the desire by various workers to recognize zones in the root region. 
Terms such as "histosphere," " rhizosphere " and "edaphosphere" (Perotti, 
1926); inner and outer rhizospheres (Graf, 1950; Poschenreider, 1930) are 
examples of such terminology. Clark (1949), in an attempt to emphasize the 
importance of the root surface, introduced the term "rhizoplane" (defined as 
the external surfaces of plant roots and closely adhering particles of mineral 
soil and organic debris); but although it has been used by American and 
Canadian workers it has not found general acceptance. More recently both 
Harley (1948, 1959) and Garrett (1955, 1956) have considered the whole 
range of microbial associations with plant roots, and in so doing have sug-
gested that the root region may be thought of as comprising the rhizosphere 
and the root surface. This commendably simple concept has been adopted 
in the account given here. 

II. THE ROOT REGION 

A. RHIZOSPHERE 

Numerous studies have indicated that in this zone there is not only an 
increase in microbial numbers but also in their physiological activity (as 
indicated by oxygen uptake measurements, rate of reduction of substances 
such as méthylène blue, rate of utilization of glucose and amino acids, rate 
of nitrification) as compared with the situation in the soil distant from plant 
roots. Starkey (1929a, b or c) demonstrated that both numbers and activity 
of micro-organisms in the rhizosphere reached a maximum at the time of 
maximum vegetative development of the higher plants, the plant exerting 
slight effects during its early growth period, and the rhizosphere effect 
decreasing after maturity subsequent to degeneration and death of the roots. 
After death of the roots microbial numbers again increase as a result of the 
active saprophytic colonization of the dead root material. 

/. Methods of study 

Progress in rhizosphere studies has been considerably hampered by the lack 
of efficient techniques for the isolation and enumeration of certain of the 
active components of the rhizosphere microflora. The soil dilution plate 
technique has been used predominantly for both qualitative and quantitative 
rhizosphere studies (e.g. Starkey, 1929a, b or c; Timonin, 1940a; Timonin 
and Thexton, 1951; Webley, Eastwood and Gimingham, 1952; Katznelson, 
1960; Papavizas and Davey, 1961). This technique is generally admitted as 
suitable for the study of rhizosphere bacteria, although it must be remembered 
that such plating procedures are selective and only allow the isolation of a 
small proportion of the bacteria present in a population (Starkey, 1958). 
The use of the soil dilution plate technique for studies of rhizosphere fungi 
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may be more severely criticized (Parkinson, 1957; Parkinson and Moreau, 
1959), since it does little more than allow the assessment of the sporing 
capacity of species which were presumably previously active in the rhizo-
sphere soil and gives little clue to the vital problem of how much active 
mycelium is present in the rhizosphere. Added point to this criticism comes 
from the consideration of several workers (Agnihothrudu, 1955; Parkinson, 
1957) that the rhizosphere is a zone in which fungi are present mainly as 
mycelium, whereas in the soil distant from roots they are present mainly as 
spores, and therefore the use of soil dilution plates for comparing fungal 
populations of rhizosphere and non-rhizosphere soil may lead to gross 
inaccuracies. In addition to this the calculated R/S values for fungi must have 
little meaning because of the filamentous growth form of these organisms 
—what is the significance of a statement which tells us that there are 5 x 105 

fungi per gram dry weight of rhizosphere soil ? Surely little or none. Any 
estimate of the amounts of fungi in a microhabitat must be given in terms of 
length or weight of mycelium per unit weight or volume of soil. 

The Rossi-Cholodny buried slide technique has been applied for rhizo-
sphere studies, and has yielded information on the development of micro-
organisms in the root region (Starkey, 1938; Stille, 1938), but it has several 
disadvantages. It is rarely possible to identify the micro-organisms seen on 
stained Rossi-Cholodny slides, therefore the technique is of little value in 
studies on the qualitative nature of the rhizosphere microflora. Their use in 
quantitative investigations, applying the technique described by Jensen (1936), 
has two major objections. First, the burial of glass slides in soil may in itself 
allow stimulated microbial development because of the condensation of 
water on the glass and the consequent overcoming of the general fungistasis 
in the soil near the buried slides (Dobbs and Hinson, 1953). Second, it is 
exceedingly difficult to relate the numbers of bacterial cells and lengths of 
fungus mycelium observed on buried slides to any weight or volume of soil 
(rhizosphere or non-rhizosphere). However, the use of the Rossi-Cholodny 
technique has enabled investigators to see clusters of bacteria in the root 
region, to see abundant fungus mycelium, and to see the abundant growth of 
bacteria around root hairs. 

Direct observations on rhizosphere soil have been only rarely performed 
but Linford (1940, 1942), using glass observation boxes, demonstrated the 
concentration of micro-organisms in the root region of seedlings. Krassil-
nikov (1958) described a method in which plants were grown on glass plates 
which were mounted in such a way that the roots spread over the glass 
leaving their "imprints" on the glass. To facilitate microscopic observation, 
microscope slides were placed on the inner surface of the glass plate and 
removed after different intervals for study (stained or unstained). Using this 
technique profuse microbial (bacteria, actinomycetes and fungi) development 
and also isolated colonies were observed on the surfaces of roots, between 
root hairs and at some distance from them. 

Particular attention has recently been paid to the methods for studying the 
fungal component of rhizosphere microfloras, and several techniques have 
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been developed. A modification of the Chesters' immersion tube technique 
(Chesters, 1940, 1948) was shown to be useful in studying rhizosphere fungi 
(Parkinson, 1957; Chesters and Parkinson, 1959). This modification aimed at 
isolating fungi present in rhizospheres as actively growing mycelium; but it is 
now considered that this method, which is subject to all the criticisms which 
can be levelled at the technique from which it was derived, is of only limited 
applicability. Direct soil plating (Warcup, 1950) has been used for qualitative 
studies on rhizosphere fungi (Parkinson, 1957; Chesters and Parkinson, 1959; 
Catskâ, Macura and Vâgnerova, 1960); however, this technique suffers 
from most of the defects of the soil dilution plate technique—probably its 
only merit is that it is easily and rapidly performed. Recently the development 
of soil-washing methods (Parkinson and Williams, 1961; Watson, 1960), 
which attempts to rid the soil of the majority of the fungal spores which it 
contains prior to the plating of soil particles, have provided possible methods 
for studying the nature of fungi present in rhizosphere soil as hyphae. This 
possibility has yet to be explored. 

For quantitative assessments of rhizosphere fungi the impression slide 
technique devised by Brown (1958) has been used (Parkinson, 1958). In this 
technique, freshly sampled roots with their adhering rhizosphere soil were 
laid on microscope slides which had been thinly coated with adhesive material 
(nitrocellulose in amylacetate). The rhizosphere soil stuck to this adhesive 
material when the roots were carefully removed. Impression slides of the soil 
distant from roots were made simply by pressing adhesive-coated slides against 
a freshly exposed soil profile. After staining the impression slides were 
observed under the microscope and the frequency of occurrence, lengths and 
types of mycelium present from rhizosphere and non-rhizosphere soil could 
be compared. However, here again, as with the Rossi-Cholodny slides, one is 
faced with difficulties in recording the data obtained—once again it is not 
known from what amount (weight or volume) of soil the observed mycelium 
has been derived. 

It seems likely that attention will become more directed onto the Jones and 
Mollison (1948) technique, or some modification of it, as a useful means of 
making quantitative determinations of bacterial numbers and amounts of 
fungus mycelium in known weights of rhizosphere and non-rhizosphere soils. 

2. Bacteria in rhizospheres 
In studying the nature, distribution and activities of complex populations 

it is necessary, under ideal circumstances, to study the whole population and 
to evaluate the interactions between the various components of the popula-
tion. In reality this is rarely possible, and in the case of microbial populations 
of rhizospheres many investigators have regretfully confined themselves to 
one component of this complex situation for detailed study. In doing so 
important microbial interactions may be missed—for it is realized that, being 
as it is a zone of enhanced microbial activity, the rhizosphere may well be a 
group of microhabitats in which antagonistic and associative phenomena are 
pronounced. 
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It is, in fact, the bacterial component of rhizosphere microfloras which has 
been most studied, the fungi having been studied regularly but not so inten-
sively, and the other groups of soil organisms only irregularly. In the excellent 
detailed reviews already available (Katznelson, Lochhead and Timonin, 
1948; Clark, 1949; Blair, 1951; Starkey, 1958; Krassil'nikov, 1958) accounts 
are given of the large amount of work done on rhizosphere bacteria. The 
account of this group given here is, therefore, brief. 

Many studies have been concerned with comparing the qualitative natures 
of bacterial populations in rhizosphere and non-rhizosphere soil. However, 
only rarely have attempts been made to classify bacteria isolated from rhizo-
sphere soil into genera and species—in general the bacteria isolated have been 
classified into morphological, physiological or nutritional groups. Many 
bacteriologists, although recognizing the desirability for "absolute" identi-
fication of isolates from soil and rhizospheres, feel that this is an impossibility 
because of the great plasticity of bacteria, and Cowan (1962), in discussing 
the difficulties (and futility?) of classifying bacteria, has emphasized that 
"micro-organisms are not static units but show continuous adaptation 
to their environment." He has suggested that the bacteria make up a spectrum 
of gradually merging forms, and this concept has been applied to bacterial 
populations of rhizospheres (Brisbane and Rovira, 1961). These workers 
compared three methods of classifying bacteria—division on associated 
characters, identification using Skerman's key (Skerman, 1959), and by means 
of the Affinity Index. In studying a random sample of rhizosphere bacteria 
(43 from 318 bacteria) they considered that this sample formed a spectrum 
rather than a series of groups. 

From the large number of investigations on bacteria in rhizospheres which 
are discussed in the review papers mentioned above, certain general facts have 
emerged. It is generally agreed that Gram-negative non-spore-forming bac-
teria are stimulated to develop in rhizosphere soil—Agrobacterium radiobacter 
being a case in point; also, over recent years, species of Pseudomonas have 
been shown to be abundant in the root region, and have been shown to 
constitute between 40 and 50% of the bacterial population of some rhizo-
spheres (Vagernerova etal., 1960; Rouatt and Katznelson, 1961). Mycobacteria 
and Corynebacteria have also been regularly reported as forms stimu-
lated in rhizospheres. In contrast to these examples of stimulation there are 
reports that Bacillus species are present less frequently in rhizospheres than 
in soil distant from plant roots (Clark, 1940; Krassil'nikov, Kriss and Litvinov, 
1936; Lochhead, 1940), although within this genus Bacillus brevis, B. circulans 
and B. polymyxa were reported by Clark (1940) to " constitute more important 
fractions of the Bacillus population in the rhizoplane than they do in soil." 
Clark (1940) also showed that Gram-positive cocci were depressed in develop-
ment in the rhizosphere, where they accounted for only 12% of the isolates 
(whereas in the soil distant from roots they represented 40% of the isolates). 

As has been stated previously, it is generally accepted that microbial activity 
in rhizospheres is greater than that in the non-rhizosphere soil. Thus, it is 
perhaps to be expected that studies on rhizosphere bacteria have indicated 
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that such physiological groups as motile forms, chromagenic forms, ammoni-
fiers, denitrifiers, gelatin liquefiers, forms giving an acid or alkaline reaction 
with glucose-peptone media, and aerobic cellulose-decomposing forms are 
present in larger numbers in rhizospheres than in the general soil. However, 
nitrifying organisms, anaerobic cellulose decomposing forms and nitrogen-
fixing anaerobes (e.g. Clostridium spp.) have been recorded as being depressed 
in rhizospheres. 

As might be expected, interest has tended to centre on the role of two of the 
best-known genera of soil bacteria—Azotobacter and Rhizobium, both nitro-
gen-fixing organisms—in rhizospheres. In the case of Azotobacter a good deal 
of conflicting evidence has been presented. Allison (1947) and Allison, 
Gaddy and Armiger (1947) showed that there was little or no development of 
Azotobacter in the root region. However, Krassil'nikov (1958) cited a number 
of examples of the stimulation of Azotobacter in the root region of crop 
plants grown in Russian soils. Krassil'nikov (1958) showed that in the 
lucerne-cotton crop rotation system in Central Asia (3 years lucerne; 6-9 
years cotton), Azotobacter increased under lucerne but decreased under 
cotton. He concluded that certain Angiosperm species enhanced the growth 
of Azotobacter in soil, some species suppressed it, other species had no effect. 

Clark (1948) concluded that there was no evidence that the rhizosphere 
was a favourable zone for the development of Azotobacter, and in the follow-
ing year (Clark, 1949) he gave a detailed account of the studies on the role 
of this organism in rhizospheres up to that date. Recently Katznelson and 
Strzelczyk (1961) investigated the rhizosphere bacteria of 17 crop plants, 
and showed that counts of Azotobacter were very low in both rhizosphere 
and non-rhizosphere soil. It has been concluded (Katznelson and Strzelczyk, 
1961) that these low numbers were caused not by the suppression of Azotobac-
ter but by the antagonistic effects of various active soil micro-organisms, 
against which Azotobacter could not compete (Zagallo and Katznelson, 
1957; Rovira, 1956a; Macura, 1958). Strzelczyk (1961) showed that rhizo-
sphere soil contained greater numbers of micro-organisms which were 
antagonistic to Azotobacter than did soil distant from plant roots. 

In the case of species of Rhizobium, the nodule bacteria of Legumes, it has 
been known for some time that exudates from legume roots stimulate the 
development of these bacteria in the legume rhizospheres (West, 1939; 
Wilson, 1940; Purchase and Nutman, 1957). Before nodule formation begins, 
Rhizobium spp. together with other groups of micro-organisms multiply in 
legume rhizospheres, and in this early stage of root growth (3-10 days after 
seed germination) rhizosphere populations of 106—109 Rhizobium spp./ml 
of rhizosphere soil have been recorded (Purchase and Nutman, 1957). This 
represented a rapid build-up of this group of bacteria in the rhizosphere 
(Nutman, 1958). Krassil'nikov and Korenyako (1944) demonstrated that 
certain Gram-negative non-sporing bacteria could inhibit the development of 
various species of Rhizobium in the rhizosphere of clover, and Hely, Bergersen 
and Brockwell (1957) suggested that antagonistic reactions with other rhizo-
sphere organisms could operate against Rhizobia in legume rhizospheres. 
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Hely et al. (1957) thereby explained the failure of nodulation in legumes in 
some Australian soils (yellow podzolics). Vincent (1958) presented evidence 
which indicated that this antagonistic phenomenon must be delicately 
balanced. 

The stimulation of Rhizobium spp. is not confined to legume rhizospheres, 
although non-legumes generally have less effect. In the continued absence of 
legumes the population of Rhizobium spp. in the soil may decline and disap-
pear (Vincent, 1954; Krassil'nikov, 1958); this depends on the nature of the 
non-legume crops and on the length of time the soil is left fallow. 

The fact that different groups of soil bacteria have differing nutritional 
requirements was exploited by Lochhead and his co-workers (1938-1955) for 
the characterization of individual organisms and of bacterial populations. In 
the technique devised by Lochhead et al, the initial isolation of bacteria was 
onto a non-selective medium (soil extract agar), from which selected colonies 
were tested for their ability to grow on a range of variously supplemented 
media: glucose-nitrate-mineral medium (basal medium), basal medium + 
amino acids, basal medium + amino acids + vitamins, basal medium + yeast 
extract, basal medium + yeast extract-f soil extract. 

The comparative application of this method of characterization to bacterial 
populations of rhizosphere soil and non-rhizosphere soil has been found to 
demonstrate differences between these populations. It was consistently found 
that amino acid-requiring bacteria made up a higher proportion of the rhizo-
sphere microflora than of the general soil microflora (Lochhead and Rouatt, 
1955); and that rhizosphere contained a higher proportion of bacteria with 
simple nutritional requirements (i.e. able to grow on the unsupplemented 
basal medium) and a lower proportion of bacteria requiring yeast extract 
than did the soil distant from plant roots. 

3. Factors affecting bacterial distribution in rhizospheres 

In general it appears that various soil treatments (e.g. organic or inorganic 
fertilizers) do not greatly affect bacterial numbers in rhizospheres (Clark, 
1940; Clark and Thorn, 1939; Hulpoi, 1936; Katznelson and Richardson, 
1948; Obraztsova, 1936; Timonin, 1940a). The effects of such treatments may 
operate directly on the soil microflora or on the growth rate of the higher 
plants. Manurial treatments of soil produce large increases in the general 
soil microflora, but have no similar effect on the microflora of the root 
region. Thus, the rhizosphere seems to be a zone buffered against changes in 
the soil ; it is under the primary influence of the root. However, Hildebrand 
and West (1941) showed that manurial treatments which control the incidence 
of root rot of strawberries also affected the relative incidence of nutritional 
groups in the rhizosphere. 

Liming was reported (Obraztzova, 1936) to cause a 25% increase in bacterial 
numbers in rhizospheres. Also Rovira (1961) showed that amelioration of a 
krasnozem (pH 4-8) with CaO and CaO plus minerals caused great increases in 
the numbers of Rhizobium spp. in rhizospheres of red clover. This observation 
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gives some explanation of the well-known phenomenon that liming allows 
nodulation of legumes in "problem" soils. 

The effects of soil moisture have been irregularly studied (probably because 
of the technical difficulties involved in growing plants under constant and 
known water regimes). Clark and Thorn (1939) showed that over a moisture 
range of 12 to 20% the R/S values did not vary (R/S - 9 ) but at 24-5% 
moisture the R/S value fell to 4*5. Timonin (1940) noted that there were 
increased rhizosphere populations in soils where the moisture content was at 
30% of the total moisture holding capacity than where the moisture content 
was at 60% m.h.c. Clark (1948) also showed that microbial numbers were 
higher round roots taken from drier as compared with wetter soils. In studying 
the effects of individual environmental conditions, care must be taken to grow 
the test plants under controlled conditions and to be able to control the 
variable which is being examined. It is not certain how these criteria have been 
fulfilled in the case of studies of the effects of different soil moisture contents 
on the development of rhizosphere microfloras. 

Numerous workers have attempted to study the specific effects of different 
crop plant species on the soil microflora, to investigate whether the rhizo-
sphere populations of different crop plant species vary from one to another. 
The most pronounced effects of this type have been shown in comparisons of 
legume rhizosphere microfloras with those of non-legume species (the former 
supporting larger rhizosphere populations in which Rhizobium spp. may be 
an important component). However, it does not as yet appear possible to 
make any real generalizations on the detailed effects of individual crop plant 
species on soil bacteria. Lochhead (1959) states that ". . . although there is 
some suggestion that certain crops exert their effects in different degrees. This 
subject demands much more attention before the specific influence of crops 
can be well assessed." 

4. Fungi in rhizospheres 
The amount of attention given to fungi in rhizospheres has been much less 

than that accorded to the bacteria. Since the work of Starkey (1929a, b, c) 
the frequent general studies on rhizosphere micro-organisms have usually 
included data of R/S values for fungi—values which have indicated that 
fungi increase in rhizospheres much less than do bacteria (previous comments 
in this chapter suggest that the application of methods for assessing amounts 
of mycelial development of fungi in soil and rhizospheres may require this 
concept to be changed). However, until recently relatively few qualitative 
studies on rhizosphere fungi had been made. Thorn and Humfeld (1932), 
working with corn grown in different soils, reported that on acid to neutral 
soils species of Trichoderma predominated in the rhizosphere, whereas in 
alkaline soils bivertidilate species of Pénicillium (particularly of the P. 
luteum group) predominated. Katznelson and Richardson (1948) reported 
that in soils bearing strawberries species of Fusarium, Aspergillus and Péni-
cillium were frequently isolated but from the rhizospheres of the strawberry 
plants Cladosporium, Chaetomium, Rhizoctonia and unidentified species 
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were present. This picture could be altered by applying different soil treat-
ments. Reviewing the work done on micro-organisms associated with plant 
roots Clark (1949) wrote ". . . it remains unsettled whether certain species of 
fungi are preferentially encouraged by plant roots." Certainly it has been 
shown that different varieties of the same species (differing in susceptibility 
to disease) may preferentially stimulate the development of certain fungi, 
and this phenomenon will be discussed subsequently in connection with the 
relations of rhizosphere micro-organisms to soil-borne pathogens. In general 
it still remains to be conclusively demonstrated whether or not certain species 
of non-pathogenic fungi make the rhizosphere their main locus of activity. 

Attempts to classify fungi from rhizosphere and non-rhizosphere soil by 
the nutritional group method (cf. bacteria) have been rare (Atkinson and 
Robinson, 1955; Thrower, 1954), although a considerable amount of work 
has been done on the nutritional requirements of mycorrhizal fungi (Harley, 
1959). Thrower (1954) reported trends for fungi similar to those observed for 
bacteria—a higher percentage of fungi capable of maximum growth on simple 
media and with amino acids in rhizosphere than in non-rhizosphere soil, 
and lower proportions of isolates with complex nutritional requirements. The 
extensions of this type of work may well provide much valuable information 
on rhizosphere fungi. 

A renewal of interest in rhizosphere fungi over the last decade has naturally 
led to an increase in the general information available, but in these studies 
little qualitative differences have appeared between the fungi in rhizosphere 
and non-rhizosphere soil (Webley, Eastwood and Gimingham, 1952; Gomo-
lyako, 1956, 1957, 1958; Khalabuda, 1958; Peterson, 1958; Chesters and 
Parkinson, 1959; Catskâ, Macura and Yâgnerova, 1960; Papavizas and 
Davey, 1961). Many of these studies have involved the detailed investigation 
of fungi in the rhizospheres of plants at various stages in the development of 
the roots (Peterson, 1958; Chesters and Parkinson, 1959; Catskâ et a/., 1960), 
and have shown that the qualitative nature of the rhizosphere mycoflora 
changes with increasing age of the roots—similar changes not being observed 
in non-rhizosphere soil. In general, it has been shown that during the initial 
phases of root development in the rhizospheres (of a range of plants) Phyco-
mycetes predominate, particularly members of the Mucoraceae, with Péni-
cillium species also being frequently isolated. With increasing age of the 
roots this population has been shown to change, genera of the Tubercularia-
ceae, Dematiaceae and sterile dark fungi increasing in frequency of occur-
rence. The explanation for these effects (Chesters and Parkinson, 1959) has 
been based on the possibly predominant effect of root exudates in the produc-
tion of the rhizosphere effect in the initial stages of root growth (hence the 
"sugar fungi" would be the preferentially affected group) whereas in the 
rhizospheres of older roots dead root material is an important cause of 
the rhizosphere effect (hence the change in mycoflora). 

The tendency to treat the rhizosphere as a uniform microhabitat has been 
criticized (Chesters and Parkinson, 1959). The fact that root exudates are 
liberated, at least in the early stages of root growth, particularly from certain 
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areas of the roots (Pearson and Parkinson, 1961), means that from this view-
point alone the rhizosphere environment will vary from point to point on a 
root. Sampling from specific regions of the rhizosphere (i.e. rhizosphere soil 
at the root tip, the crown of the root, and a zone intermediate between tip 
and crown) has shown (Chesters and Parkinson, 1959) that the phenomenon 
described earlier, of the change in qualitative nature of the rhizosphere myco-
flora with changing root age, begins first in the crown zone and last in the tip 
zone of roots. 

5. Initiation of rhizosphere effect 

The initiation of the rhizosphere effect with bacteria, unlike that with the 
fungi, has also received considerable recent attention. Timonin (1940a), using 
plating techniques, recorded the stimulation of bacteria round seedling roots, 
and Linford (1942), using direct observation, reported the large accumula-
tions of bacteria round newly developed roots of various plant species. Metz 
(1955) also demonstrated that when seeds germinate in non-sterile soil, 
bacteria produce mantles of growth about the roots and root hairs (an effect 
he reported to be more pronounced round roots of the Cruciferae than the 
Gramineae). Wallace and Lochhead (1951) demonstrated that plant seeds 
support characteristic microfloras (with a high percentage of chromogenic 
forms) and suggested that the rhizosphere microflora represented an inter-
mediate group between the seed coat and soil microfloras. That even in the 
rhizospheres of very young wheat plants (2 to 3 days old) there was a shift 
towards a population of amino acid requiring bacteria and actively metaboliz-
ing forms was reported by Rouatt (1959). At this young stage R/S values of 
about three were recorded, thus showing that the establishment of rhizosphere 
microfloras occurs almost as soon as the root grows into, and therefore 
influences, the soil with its population of micro-organisms. 

Seeds, in the process of germination, liberate metabolically reactive sub-
stances; hence the initial stimulation of soil micro-organisms may begin in 
the spermatosphere (Brian, 1957a). However, numerous workers (e.g. 
Osborne and Harper, 1951; Ferenczy, 1956; Ark and Thompson, 1958; 
Bowen, 1961) have shown that seed coats or seed coat diffusâtes may contain 
anti-microbial substances, and consequently may adversely affect the develop-
ment of micro-organisms in the spermatosphere. However, in relation to the 
crop plants studied, the probability has been suggested of a development of the 
seed coat microflora into the rhizosphere, although some workers have put 
forward the view that the general soil population is a more important source 
of rhizosphere-inhabiting bacteria (Isakova, 1939; Shilova, 1955; Vagnerova 
et ai, 1960). 

Gyllenberg (1957) has reported that the bacterial flora of rhizospheres, once 
it is established in the seedling stage, remains qualitatively similar (but quan-
titatively increasing) from the seedling stage to maturity although qualitatively 
different from the bacterial flora of the soil distant from the roots. After 
maturity, the rhizosphere bacterial population changes, a population similar 
to that in the non-rhizosphere soil developing. Rouatt (1959) in his work on 
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the initiation of rhizosphere effects, states that the effects noted in the rhizo-
spheres of young plants (i.e. a stimulation of amino acid requiring bacteria, 
ammonifying, denitrifying, cellulose-decomposing and starch and gelatin 
hydrolyzing organisms) are maintained, and in some cases exaggerated, as 
the plants grow older. However, it has been stressed (Lochhead, 1958) that 
as roots age the situation regarding micro-organisms in rhizospheres becomes 
complicated because of the superimposition of associative and antagonistic 
reactions between micro-organisms (e.g. amino acid, growth factor and 
antibiotic production, competition for energy sources, oxygen and space). 

As yet there is little information available on the initiation of the rhizosphere 
effect on soil fungi. Timonin (1940a) investigated the nature of fungi in the 
rhizospheres of seedlings of a number of crop plants but failed to demon-
strate any significant differences between these populations and those of the 
soil distant from roots. This problem requires further study using techniques 
designed for the isolation of organisms present in the rhizosphere in an active 
mycelial state (Parkinson, 1965). 

6. The role of root exudates 

It is generally agreed that the exudation of organic compounds by roots 
constitutes a major factor in the stimulation of microbial growth in the rhizo-
sphere. As yet little is known on the physiological processes involved in the 
release of these organic materials by plant roots. 

Since the work of Knudson (1920) there have been many demonstrations 
that exudation from roots occurs, but most of the work on root exudates has 
been done since 1950. The nature of root exudates has been demonstrated to 
be varied; carbohydrates, amino acids, vitamins, organic acids, nucleotides, 
flavonones and enzymes have been identified in root exudates together with 
substances such as saponins, glycosides and hydrocyanic acid which have 
toxic effects on micro-organisms. 

Exudation of these materials from roots is affected by environmental 
conditions. Katznelson, Rouatt and Payne (1954, 1955) snowed that tem-
porary wilting of plants caused an increased release of amino acids from their 
roots. Rovira (1959) showed that under high light and temperature conditions 
there was increased exudation and that this was greatest during the first few 
weeks of growth. 

It appears (Pearson and Parkinson, 1961; Schroth and Snyder, 1961) 
that the root tip is the zone where exudation is particularly important. 
However, Frenzel (1960) has indicated that the exudation of certain amino 
acids occurs at the root tip whilst that of other amino acids occurs in the root 
hair zone. This possibility has potentially important consequences on the 
ecology of micro-organisms in rhizospheres. 

The study of root exudates has been in two main directions. First, there has 
been the analysis (qualitative and quantitative) of different groups of com-
pounds in the exudates. This has involved, as an essential prerequisite, the 
growing of plants in considerable numbers under conditions of strict sterility 
(the presence of micro-organisms in such systems leads to drastic changes in 



15. SOIL MICRO-ORGANISMS AND PLANT ROOTS 4 6 1 

the results obtained, a result of the metabolism of the micro-organisms). 
Second, there has been the use of collected exudates in model systems—the 
growth of pure and mixed cultures of micro-organisms in media with and 
without the addition of root extracts or root exudates (Chan and Katznelson, 
1961, 1962) and the construction of "artificial" rhizospheres in natural soil 
(Timonin, 1941; Rovira, 1956b; Rivière, 1958) are two examples of this type 
of approach. 

There are a considerable number of reports on the effects of root exudates 
on soil fungi, and factors have been demonstrated in root extracts which are 
capable of stimulating mycelial growth (Kerr, 1956), stimulating spore germi-
nation (Barton, 1957; Coley-Smith, 1960; Jackson, 1957, 1960; Schroth and 
Snyder, 1961; Buxton, 1962), and attracting zoospores of Phytophthora 
(Bywater and Hickman, 1959; Zentmyer, 1961). On the other hand it has 
been shown that the root exudates of certain plants contain substances 
inhibitory to spore germination and mycelial growth (Schönbeck, 1958; 
Buxton, 1962). 

The possible role of exudates in aiding disease resistance was suggested by 
Timonin (1941), and Buxton (1957) showed, in working with pea varieties 
differing in susceptibility to the wilt pathogen Fusarium oxysporum f. pisi, 
that the root exudates from the wilt-resistant variety inhibited the germination 
of spares of the pathogen (mycelial growth was not affected), whereas 
root exudates from wilt-susceptible plants had no such effect; in fact they 
stimulated spore germination. Buxton (1958) also showed that after several 
sub-cultures of F. oxysporum f. pisi on a growth medium containing root 
exudates from the resistant pea variety, there was increased pathogeneity of the 
fungus towards the resistant variety. 

7. The effects of foliar sprays 

Recently attention has been directed to the effects of chemical sprays 
(fungicidal and insecticidal) on the soil microflora. 

Such chemicals may operate in one or more of three possible ways on the 
soil microflora. First, in any spray programme, frequently a good deal of the 
chemical material becomes directly incorporated into the soil. Second, chemi-
cal materials may be absorbed by the leaves and translocated to other plant 
parts, in the process of which the metabolism of the plant may be altered and 
its "rhizosphere effect" changed. Third, the chemicals applied to the leaves 
may be translocated, and "exuded" from the roots into the rhizosphere and 
may exert direct effects on the rhizosphere microflora. 

Hallek and Cochrane (1958) showed that the application of Bordeaux 
mixture to the leaves of bean plants led to an increased level of copper and 
reduced bacterial numbers in the rhizosphere of these plants. Davey and Papa-
vizas (1961) similarly showed that streptomycin applied to the leaves of 
coleus plants was translocated (either itself or some by-product) and the 
rhizosphere microflora was qualitatively, but not quantitatively altered 
(Gram-negative bacteria being suppressed). 

Vrany, Vancura and Macura (1962) studied the effects of applying a variety 
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of substances (inorganic phosphate, antibiotics, growth regulators and urea) 
to leaves and found that the root exudates and rhizosphere microfloras could 
be markedly altered by such treatments. A number of workers have studied 
the effects of foliar treatments of urea: Ramachandra-Reddy (1959) showed 
that treatment of rice plants produced quantitative changes in the bacterial 
actinomycete and fungus components of the rhizosphere microfloras and 
Horst and Herr (1962) noted that urea treatment of corn leaves led to an 
increase in the rhizosphere of actinomycetes antagonistic to Fusarium roseum 
f. cerealis during the first week after application. 

The fact that foliar applications of certain chemicals caused marked quali-
tative and quantitative changes in rhizosphere microfloras indicates that this 
is a potentially important experimental means of studying the ecology of 
micro-organisms in the root region and of attempting control of root-infecting 
micro-organisms. 

B. ROOT SURFACE 

Taking a strict view of the root surface as a group of microhabitats, much 
of the data obtained before the work of Harley and Waid (1955a, b), which will 
be considered later, is not strictly valid because the technique applied (the 
dilution procedure described below) allowed only the plating of superficial 
root cells contaminated with rhizosphere soil. In other words, much of the 
work done using this method allows a consideration of micro-organisms in 
the rhizoplane but not the root surface alone. 

Taking this strict view of the root surface there have been, as yet, few 
studies of micro-organisms in this region. Of these the majority have con-
cerned the fungi, although studies on bacteria on root surfaces and in rhizo-
planes of a range of crop plants have been made (Katznelson, 1960) and have 
in fact demonstrated that fungal and bacterial numbers may be lower in 
rhizoplanes of certain crop plants than in the rhizosphere soil. In view of the 
foregoing comments the main emphasis in this section will be on studies of 
fungi on root surfaces. 

1. Methods of study 
Until the mid-1950's, the use of the dilution plate method also predomi-

nated in the study of root surface micro-organisms. Here the procedure, 
used by numerous workers, has involved, first, the preparation of a suspension 
of rhizosphere soil, then the transfer of the crudely washed root system to a 
known volume of sterile water containing an abrasive agent (sterile sand or 
glass beads). The shaking of the root in such a system causes the active 
removal of the outer cell material from the roots, and this material becomes 
suspended in the sterile water. From this suspension of root cells further 
dilutions are prepared, and samples of the suitable dilutions plated in the 
usual way. This technique has been shown to have two main defects—first, 
as stated earlier, when used for the isolation of fungi it allows the selective 
isolation of spores, and second, it does not allow accurate isolations from 
the root surface (what in fact is prepared in the suspension of root cells is a 
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mixture of root surface material and remnants of rhizosphere soil which 
have not been removed from the roots). 

The fact that a careful washing procedure is necessary to remove all the soil 
particles and loosely adhering material from roots was clearly demonstrated 
by Harley and Waid (1955a, b), and this work has pointed the way to a more 
critical examination of micro-organisms (particularly fungi) on root surfaces. 
The simple serial washing of roots with sterile water, and the subsequent 
plating of segments of washed root described by Harley and Waid (1955a, b) 
is, in fact, similar in principle to methods described by earlier workers (Ches-
ters, 1948; Kürbis, 1937; Simmonds, 1930; Simmonds and Ledingham, 
1937; Robertson, 1954). The efficiency of this washing technique can easily 
be tested by incorporating samples of the various washing waters separately 
into nutrient agar in petri dishes, and by counting the numbers of colonies 
which develop thereon (such testing is an essential preliminary to any study 
of root surface micro-organisms using this technique). 

In most of the studies using the root washing-segment plating technique, 
the size of the washed root segments which have been plated has been quite 
large (in relation to the size of the organisms to be isolated). Thus Peterson 
(1958) and Catskâ et al. (1960) plated 5 mm segments whilst Harley and Waid 
(1955a, b), Stenton (1958), Sewell (1959) and Parkinson and Clarke (1961) 
used 2 mm segments. Even a 2 mm segment of root may harbour more than 
one species (frequently several species of fungi are isolated from a single 2 
mm root segment) and when this occurs, then fast growing forms may over-
grow slower growing species and therefore prevent the isolation of the slower 
growing forms. 

The sequential plating of root segments has been used by various workers 
(e.g. Harley and Waid, 1955a, b,) to obtain information on the possible 
zonation of fungi in the root systems of plants. Some of the results obtained 
in this way will be discussed subsequently. 

In an attempt to allow the plating of smaller units of root material than the 
segments previously described, and in view of the difficulties in cutting seg-
ments of root smaller than 1 mm, other techniques have been devised. Stover 
and Waite (1953) developed a technique involving the physical maceration of 
roots (in a Waring blender) and the plating of samples of diluted macerate 
into nutrient agar. Although this technique was primarily developed for the 
isolation of Fusarium spp. from roots, it has been applied in more general 
studies. For many roots this technique allows the isolation of increased 
numbers of species, but for some roots it allows the liberation of antibiotic 
substances from the root tissues and these inhibit microbial development 
(Harley, 1960; Clarke and Parkinson, 1960). Hence this method, which allows 
the dispersion of small fragments of root material in a nutrient medium, must 
be used with caution. 

A similar technique was developed by Warcup (1959) in which small pieces 
of root were fragmented using sterile needles, the fragments being dispersed 
in nutrient agar. Once again this technique must be used with caution because 
of the danger of releasing anti-microbial substances. 
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With all the techniques described, if applied to the isolation of fungi from 
roots, measures must be taken to cut down the amount of bacterial develop-
ment. In many cases, the simple expedient of removing excess water from the 
roots with sterile filter paper before plating segments on to acidified agar is 
sufficient. However, if this is not so, then anti-bacterial substances (e.g. 
streptomycin) must be incorporated into the nutrient agar. 

As has been indicated, the plating of washed root segments has been widely 
used for the isolation of fungi from roots. However, when fungi develop from 
such plated segments it is frequently impossible to say whether these organ-
isms have grown from the root surface or from the interior of the root. In an 
attempt to investigate the degree of penetration of root tissues by fungi, 
Waid (1956) developed a root dissection technique in which washed roots 
were cut into 2 mm segments which were then dissected into outer cortical 
material and inner cortex plus stele. These portions of root material were 
then separately plated. This technique enabled Waid (1957) to investigate 
the distribution of fungi within senescent roots of rye-grass, and has since 
been used in studies on the rate of penetration of plant roots by non-patho-
genic fungi (Taylor, 1962). 

The isolation of fungi developing within plant roots may also be accom-
plished by killing the fungi developing on root surfaces using surface 
sterilizing agents (such as mercuric chloride, silver nitrate, and calcium hypo-
chlorite), thus allowing fungi within the root tissues to emerge on to the 
nutrient isolating medium. This technique, which has long been standard 
practice for the isolation of pathogenic fungi, has rarely been applied for 
studies on non-pathogenic micro-organisms developing within plant roots. 

It should be remembered that the isolation of a fungus from a root segment 
or fragment does not indicate the complete permeation of that plated tissue 
by the fungus—in fact only a small portion of the root appears to be colo-
nized by fungi. This has been indicated by direct microscopic observation of 
roots stained with dyes (such as cotton blue). Such studies form an important 
complement to the studies involving isolation of fungi and have provided 
valuable information on the amount and type of fungal growth on and in 
plant roots. 

2, Nature of root surface populations 
Since the development of an easy yet efficient washing technique (Harley 

and Waid, 1955a, b) a number of investigations have been made on fungi 
growing on root surfaces and within roots of a number of plant species. The 
majority of these investigations have concerned crop plants, e.g. wheat, 
barley, red clover and flax (Peterson, 1958, 1961), peas (Stenton, 1958), 
dwarf bean, barley and cabbage (Parkinson, Taylor and Pearson, 1963), 
garlic, onion and leek (Parkinson and Clarke, 1961, 1964), whilst only a few 
have concerned plants growing in more natural situations, e.g. beech (Harley 
and Waid, 1955a, b), ling (Sewell, 1959) and ash (Kubikova, 1963). 

Probably the most interesting feature of the data obtained in these investi-
gations is that although a wide range of fungi may become intimately 
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associated wiu. ^an t roots, only a very restricted number of species appear to 
be isolated from app. *^ntly healthy plant roots with high frequency. These 
species, e.g. Fusarium Spp., Cylindrocarpon spp., Rhizoctonia spp., Glio-
cladium spp., Mortierella spp., sterile mycelia (particularly dark forms), 
certain Penicillia (particularly P. lilacinum) and, for certain plants, 
Trichoderma viride are for the most part (T. viride being an exception) forms 
which are not isolated with a high frequency from the soil distant from the 
growing roots. So, at the root surface a selective effect of the growing root is 
apparent (an effect not seen for the fungi in the rhizosphere soil). 

Fusarium oxysporum, frequently isolated from the surfaces of apparently 
healthy roots, is a species containing a number of varieties which are im-
portant specific pathogens producing wilt diseases. It seems likely that we 
have a situation where these varieties of F. oxysporum are capable of growth 
on and in roots of a wide range of plant species but are capable of disease 
production in only one species. No work has yet been done on the varietal 
characterization of the F. oxysporum isolates from healthy roots. 

Work with plants growing under natural conditions has shown that 
frequently sterile dark mycelial fungi are important members of the root 
surface mycoflora. Sewell (1959) investigated Calluna roots growing through 
a podzol—where the fungus flora of the various horizons was characteristic. 
He found that the species isolated from these roots were much affected by the 
horizon in which the roots were growing. 

Direct observation of roots (see above) has revealed the presence of hyphae 
traversing the roots. Where the roots are active the hyphae appear in many 
cases to be widely separated, but in older roots (where dead cortical cells are 
present) there is frequently much more mycelium present—presumably 
operating in the decomposition of the moribund root material. 

Little is known regarding the role of the root surface fungi ; some workers 
consider that they have a passive role (absorbing root exudates) with little or 
no effect on the physiology of the roots. However, some workers have taken 
the view that the colonization of roots by fungi must affect the metabolism 
of the root cells, and the view that certain root surface fungi (e.g. Fusarium 
oxysporum) act as mycorrhizal organisms has been put forward (Dorokhova, 
1953; Bilai, 1955; Khruscheva, 1960). 

3. The development of fungi on root surfaces 

Stenton (1958) showed that young roots as they grow through the soil 
present a "virgin ecological niche" for soil micro-organisms. The day-to-day 
build-up of populations of fungi on plant roots has been followed in a number 
of crop plant species (Parkinson, Taylor and Pearson, 1963), and from these 
studies certain basic facts have emerged. 

Prior to emergence of the primary root, substances (e.g. amino acids) 
are liberated from the seed ; this liberation of metabolically reactive substances 
is continued from the root after its emergence. The possible role of such 
substances, first in releasing fungal spores from the fungistatic factors 
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operating in soil, and then allowing their germination and subsequent 
growth along a diffusion gradient of root exudates to the growing root, has 
been demonstrated (Jackson, 1960). This effect of the root exudates appears 
to be non-selective for, from the study by Parkinson, Taylor and Pearson 
(1963), it seems that almost any soil fungus will grow onto plant roots; 
however, many of these species can be regarded as casual colonizers which 
cannot compete with the typical root surface forms and therefore have a 
limited life on root surfaces. Thus, during the first 2 or 3 days of root develop-
ment, a wide range of species of fungi can be isolated from the roots (each in 
low frequency), but after 5 days the dominance of a small number of typical 
root surface forms can be seen. It appears, however, that colonization of 
roots by fungi does not occur until the emergent root is about one day old; 
after this lag period colonization begins, but the root tip region of the actively 
growing root remains uncolonized during the whole period of active root 
growth. Once a stable population of typical root surface forms has become 
established it appears to be maintained up to the time of senescence of the 
root system, the relative incidence of the individual species altering little. In 
some plants (Taylor and Parkinson, 1965) Cylindrocarpon radicicola tends 
to assume a more important role with increasing age of the roots. 

With increasing age of plant roots there is, however, an increasing amount 
of penetration of fungi into the root tissues (as demonstrated by root dis-
section and surface sterilization). Waid (1957) demonstrated this in decom-
posing rye grass roots, and Taylor (1962) has shown in dwarf bean roots that 
little penetration of roots by the root surface fungi occurs in the first 40 days 
of root growth. After this there is a progressive penetration, first of the cortex 
and then the stele, with Cylindrocarpon radicicola and sterile dark forms 
being the dominant penetrating organisms (Parkinson, 1965). 

Speculation has, as for the bacteria (see earlier), been made as to the origin 
of the fungi colonizing plant roots particularly in the early stages of root 
development. The possible sources of fungi are either the seed coat or the soil. 
It appears that for crop plants the fungi present on the seed surface, under 
normal circumstances, play little or no part in the colonization of the roots 
(Peterson, 1959; Parkinson and Clarke, 1964), and it is the soil which is the 
source of the root surface fungi. These fungi must, presumably, grow through 
the rhizosphere onto the root surface. Because of this it might be anticipated 
that the rhizospheres of even young plants would contain fungi such as 
Fusarium spp., Cylindrocarpon spp., Gliocladium spp. and the other typical 
root surface forms in high frequency, but this has not been shown to be the 
case by the isolation methods used for rhizosphere studies. The application of 
methods more suitable for the isolation of active fungi may reveal their 
presence. It has been suggested (Taylor and Parkinson, 1961) that the coloniza-
tion of roots by fungi is brought about by successive lateral colonization from 
the soil, longitudinal growth down the root from any one point of coloniza-
tion being, for the most part, restricted in extent. This gives further point to 
the problem of tracing the path of growth of the root surface forms from the 
soil distant from the roots on to the root surface. 
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4. Factors affecting the development of fungi on roots 

The effect of soil type on the development of fungal populations on root 
surfaces was described by Peterson (1958). Working with plants of red clover 
and wheat grown in acid and alkaline soils he showed that Fusarium spp. 
predominated on roots from the acid soil whereas Cylindrocarpon spp. pre-
dominated on roots from the alkaline soil. Parkinson and Clarke (1961) sub-
stantiated this observation with work on leek seedlings. Further investigations 
on the effect of soil pH (Taylor and Parkinson, 1964) on the development of 
root surface fungi, where a single soil was adjusted to a range of pH levels 
(between pH 3-2 and 8-5) by additions of either calcium hydroxide or alu-
minium sulphate and dwarf bean plants then grown in each of the pH con-
ditions, showed that the occurrence of Fusarium spp. on root surfaces was not 
markedly affected by different soil pH levels. Cylindrocarpon radicicola, on 
the other hand, showed considerably increased frequency of occurrence with 
increasing soil pH. In this amended soil system Pénicillium spp. and Tricho-
derma viride were the dominant colonizers at the lowest pH value (pH 3-2). 
In the case of Fusarium spp. particularly, it would appear that soil pH is not 
the sole factor operating in natural soils ; factors such as abundance of avail-
able inoculum and the competitive ability of the available strains will be 
important also. 

The effect of the light regime under which plants are grown in relation to 
root colonization by non-pathogenic fungi was discussed by Harley and 
Waid (1955b). Working with beech seedlings grown in experimental frames, 
different shading treatments were allowed by covering the frames with dif-
ferent layers of butter muslin. Isolation of fungi from tap roots and lateral 
roots grown in light regimes varying from 25-1 to 3-8% daylight showed that 
at the highest light intensity Trichoderma sp. was the dominant organism on 
both types of root (with Gliomastix sp. an important associated form). At 
the lowest light intensity a Pénicillium species dominated the tap root iso-
lates, whilst Rhizoctonia sp. was the most frequent isolate from the lateral 
roots. The condition of the experimental plants receiving most light was much 
better than that of plants grown at the lower light intensities, and Harley and 
Waid (1955b) conclude that "the condition of the host plant is a major factor 
in determining the nature of the surface population of the root system," but 
it is not certain how far interaction between micro-organisms influences the 
composition of this population. 

Rouatt and Katznelson (1960) studied the effect of light intensity on the 
bacterial flora of wheat roots, using greenhouse conditions and two light 
intensities (1,000 and 300 ft candles respectively) for growing the experi-
mental plants, temperature and soil moisture content being constant for 
both groups of plants. Total numbers of bacteria, of méthylène blue reducing 
forms, glucose fermenting forms and ammonifiers were much greater on the 
roots of plants grown under the higher light regime, also the percentage of 
amino acid requiring bacteria was more than double that-for roots grown at 
the lower light regime. Using the same growth conditions together with plant 
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growth room culture at 1,200 and 300 ft candles, Peterson (1961) studied the 
effect of light intensity on the development of fungi on the root surfaces of 
wheat and soybean. He found, however, no appreciable effect of this factor 
on the fungi colonizing the primary roots of the experimental plants despite 
the marked differences in the development of the experimental plants under 
the different light conditions. 

The effects of different soil moisture and temperature conditions have 
received little study, although these factors have regularly been studied in 
relation to root disease fungi. Preliminary investigations on the effect of soil 
temperature (Taylor and Parkinson, 1964) on the development of fungi on 
roots of dwarf bean seedlings grown at 15, 20 and 25° c indicated decreased 
numbers of isolates of fungi with decreasing temperature. Fusarium oxysporum 
and Gliocladium spp. increased markedly in frequency of occurrence on roots 
with increasing soil temperature. 

The effect of soil moisture content, as stated earlier, is notoriously difficult 
to study because of the difficulties of maintaining constant and known 
moisture regimes throughout the soil mass permeated by the roots under 
study. Data provided by Taylor and Parkinson (1964), where seedlings of 
dwarf beans were grown in soil at 30, 50 and 70% of the moisture holding 
capacity, indicated that under the lowest moisture conditions the root surface 
mycoflora was dominated by Pénicillium spp. (species which rapidly disap-
peared with increasing soil moisture content); on the other hand Fusarium 
oxysporum, Cylindrocarpon radicicola and Gliocladium spp. increased in 
frequency of occurrence on roots grown under the higher moisture regimes. 

The soil environment may affect the incidence of fungi on plant roots in 
different ways—through its effect on the growth and vigour of the higher 
plant, through comparable effects on the fungi concerned in root colonization, 
and through its effect on the plant-fungus relationship (Taylor, 1962). 
The data obtained by studying the effects of varying single environmental 
factors are notoriously difficult to interpret but at least they serve to stress 
the need to use controlled and defined conditions when conducting compara-
tive experiments on the nature of the root surface mycofloras of different 
plants. 

It has been stated earlier that from studies of the root surface fungi of a 
range of plant species it has become apparent that only a restricted number 
of species of fungi are regularly associated with plant roots—Fusarium spp., 
Gliocladium spp., Cylindrocarpon spp., Mortierella spp., sterile mycelial 
forms, with Trichoderma viride, Pénicillium spp., Rhizoctonia spp., Pythium 
spp., and Phoma spp. important in certain species and not in others. How-
ever, in view of the foregoing comments on the effects of soil environmental 
factors, it is difficult to compare the various sets of data from which the above 
generalization has been drawn. Peterson (1961) grew wheat and soybean 
plants under constant environmental conditions and demonstrated that 
Phoma spp. were frequently isolated from the wheat roots but not from soy-
bean roots. Parkinson et al. (1963) studied the development of the root sur-
face mycofloras of seedlings of barley, dwarf bean and cabbage grown under 
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constant environmental conditions, and showed that for dwarf bean and 
barley seedlings Fusarium spp., Cylindrocarpon spp. and Gliocladium spp. 
were the important root surface fungi, whereas for cabbage seedlings Tricho-
derma viride and Pénicillium lilacinum were the dominant members of the 
developing root surface mycoflora. The amount of fungus material supported 
by the dwarf bean roots was greater than that supported by barley roots and 
these more than the cabbage roots; the rates of development and total root 
surface area of the three plant species also varied. 

Once again interpretation of these data is difficult without more precise 
information regarding the environmental conditions operating at the root 
surface—is the effect of plant type on the nature of the root surface myco-
flora simply a reflection of the nature of the root exudates of the different 
plant species? Certainly it has been shown that the factors governing the 
nature of root surface mycofloras are bound up with living roots growing in 
soil—comparisons with fungi associating themselves with dead roots and 
inert material (e.g. nylon thread) buried in soil show very marked differences 
with those obtained from living roots (Parkinson and Pearson, 1965). 

C. EFFECTS OF MICRO-ORGANISMS IN THE ROOT REGION 

From the foregoing comments it is clear that the root region (rhizosphere 
and root surface) represents a group of microhabitats where, as a result of 
the environment developed by the growing roots, microbial numbers and 
activity are greater than in the soil distant from the roots. It hardly seems 
conceivable that the development of such a population of micro-organisms 
on and round healthy roots will not affect both the development and the 
physiology of the roots ; however, until recently little information has been 
available on such phenomena. 

1. Effects on root development 

The best examples of rhizosphere micro-organisms affecting the mor-
phology of plant roots are probably those of the curling legume root hairs 
prior to infection by Rhizobium spp. and of the forking of roots which may 
precede mycorrhizal infections. Rovira and Bowen (1960) showed that, for 
subterranean clover grown in sand and agar, the presence of the general 
rhizosphere microflora brought about a reduction in root hair production and 
general root growth. However, Pantos (1956) had found that for wheat 
plants growing in sterile sand culture the addition of various bacteria isolated 
from wheat rhizosphere soil caused increased growth of both tops and roots 
of the experimental plants, Agrobacterium radiobacter bringing about a 65% 
increase in growth as compared with the control plants. Detailed studies on 
a range of plants (Bowen and Rovira, 1961) viz. Phalaris, subterranean clover, 
tomato and radiata pine, grown in sand (plus nutrients) and agar and inocu-
lated with soil suspensions prepared from sterile and non-sterile soil showed 
that the presence of micro-organisms caused decreased primary root growth, 
decreased total root growth and decreased production of secondary roots. 
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Once again they showed a marked reduction in root hair production in 
subterranean clover in the presence of soil micro-organisms, although for 
tomato and Phalaris this reduction was only slight. 

The mechanism bringing about these effects is not known. Certainly micro-
organisms are capable of producing growth substances (e.g. auxins), and Brian 
(1957) examined 25 fungal species of ß-indolylacetic acid production and 
found nearly all capable of this if provided with tryptophane (a compound 
found in the root exudates of some plants). In fact, ß-indolylacetic acid seems 
to be a common minor metabolic product of fungi and bacteria, its operation 
as a stimulator or inhibitor of growth depending on the concentration with 
which it is applied. The curling phenomenon of legume root hairs has been 
shown to be an effect of ß-indolylacetic acid produced by the rhizosphere 
Rhizobia (Nutman, 1958). Whether such growth substances produced by the 
general rhizosphere microflora are bringing about the phenomena described 
in relation to general root development has not been demonstrated. 

2. Effects of antibiotic production 

Another important group of metabolic products of micro-organisms are 
the antibiotics. Many soil organisms when grown under pure culture con-
ditions have been shown to be capable of antibiotic production in organic 
matter under natural conditions (Wright, 1956a, b). In natural conditions 
(i.e. soil) it is assumed that antibiotic production enhances the competitive 
capacity of the producer in substrate colonization. For such antibiotic 
production to be effective in the soil there must be a supply of energy-rich 
materials available to allow their synthesis ; the root region (with the avail-
ability of energy-rich materials as root exudates or dead root cells) would 
appear as a likely site for antibiotic production. 

The possibility that antibiotics, if produced in the root region, might be 
taken up by plant roots, transported through the plant and act in a syste-
matic capacity against certain pathogens (bacterial and fungal), has attracted 
the attention of various workers (Pramer, 1954; Crowdy and Pramer, 1955; 
Brian, 1960). However, if this production of antibiotics occurs in the root 
region, it has been shown likely that they may have important, deleterious 
effects on root physiology. Even at low concentrations a number of fungal, 
actinomycete and bacterial antibiotics have been shown to repress root growth 
(Norman, 1960a) or to injure root cells and cause a leakage of solutes from 
the irreversibly injured roots (Norman, 1959, 1960a, b), this latter effect being 
caused by several polypeptide antibiotics. 

3. Effects on nutrient availability 

Lipman (1935) pointed out that in the rhizosphere the soil plays an im-
portant role in plant nutrition, but that in the rhizosphere, because of their 
increased activity, soil micro-organisms may have marked effects (favourable 
or unfavourable) on the assimilation of nutrients by roots. However, until 
relatively recently, little work has been done on this problem, presumably 
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because of technical difficulties involved in growing plants under sterile con-
ditions for long periods and in assessing variations in availability (i.e. increase 
or decrease) of the nutrient being studied. Preliminary data provided by such 
workers as Gerretsen (1937, 1948), Leeper and Swaby (1940), MacLachlan 
(1941, 1943), Timonin (1948) and Bromfield and Skerman (1950) showed 
that certain micro-organisms are able to affect the availability to higher 
plants of certain nutrient requirements (e.g. Mn and P04) and that certain 
of these micro-organisms, because of their metabolic activities in the root 
region, could be the cause of certain mineral deficiency diseases. 

Gerretsen (1937) and Timonin (1948) both studied the problem of Mn 
deficiency in oats and showed that the presence of grey speck disease in oat 
crops is not necessarily an expression of Mn deficiency in the soil but is also 
associated with the presence of certain bacteria which can oxidize Mn and 
render it unavailable to the oat roots. Timonin (1950) showed that, in addition 
to bacteria, a number of fungi are capable of oxidizing Mn salts (i.e. species 
of Helminthosporium, Curvularia, Periconia, and Cephalosporium), and 
Bromfield and Skerman (1950) added species of Cladosporium, Trigschemia 
and Pleospora to this list. 

Gerretsen (1948) also approached the problem of phosphate uptake by 
plants, and demonstrated that some rhizosphere bacteria are capable of 
solubilizing insoluble phosphate. This has been subsequently demonstrated 
by numerous other workers (i.e. Sperber, 1958; Katznelson and Bose, 1959; 
Louw and Webley, 1959; Katznelson, Peterson and Rouatt, 1962). However, 
few workers (e.g. Gerretsen, 1948; Pikovskaia, 1948; Krassil'nikov and Kote-
lev, 1956) have demonstrated an increased uptake of phosphate after the 
addition of phosphate-dissolving bacteria to plants growing in sterile soil to 
which insoluble phosphate has been incorporated. 

In the case of ectotrophic mycorrhizal associations with beech roots, the 
role of the fungal sheath around such roots in controlling phosphate uptake 
has been elegantly elucidated (Harley, 1959). 

Attention has been directed on to the availability of organic materials in 
the soil to plant roots, presumably stimulated by the demonstrations that 
some plants are able to absorb and utilize amino acids (Ghosh and Burris, 
1950; Birt and Hird, 1956), and that even proteins may be absorbed by roots 
(McLaren, Jensen and Jacobson, 1960). 

In discussions on the utilization of organic compounds in higher plant 
nutrition, the role of enzymes produced by the root cells is often raised, the 
invertase and phosphatase activity of roots being well known (Brown and 
Robinson, 1955; Burstrom, 1941; Rogers, Pearson and Pierre, 1940). How-
ever, in dealing with plants growing under natural conditions it is impossible 
to make estimates of the enzyme activity of the plant roots alone—enzymes 
of microbial origin must also be taken into account. Estermann and McLaren 
(1961) studied the distribution of phosphatase, invertase and urease activity 
between barley roots and the micro-organisms in the root region of the 
barley plants. They demonstrated that the phosphatase and invertase activity 
of the root zone could be attributed in the main to enzymes of the root, 

17+s.B. 
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whereas urease activity could be attributed solely to the micro-organisms in 
the root region. 

The use of radio-isotopes of important nutrients has allowed a more critical 
approach to the problem of increased or decreased nutrient uptake by roots 
in the presence of root region micro-organisms. The studies on the effect of 
ectotrophic mycorrhizas on nutrient uptake are a classic example of this 
(Harley, 1959; Melin and Nilsson, 1950; Morrison, 1962a, b). There appears 
to have been little use, as yet, of this powerful experimental tool in analysing 
the effects of the general root region microflora on nutrient uptake. Subba-
Rao, Bidwell and Bailey (1961) studied the effects of various fungi naturally 
found in the root regions of several tomato varieties on the uptake by the 
tomato roots of radioactive phosphate, sulphate, bicarbonate and glucose. 
It was demonstrated that a Fusarium sp. suppressed the uptake by roots of 
tomato varieties Bonny Best and Geneva 11 of all the nutrients used, whereas 
Trichoderma viride suppressed the uptake of inorganic ions but increased the 
uptake of glucose by roots of tomato varieties Moscow and Loran Blood. 

4. Effects on root infection fungi 

It should be remembered that any population of micro-organisms in 
the root region may contain, as well as saprophytes, potential parasites. If 
such parasites become established in the rhizosphere, they have every chance 
of invading the plant root system—their degree of success will then depend on 
the resistance of the root system. However, for a pathogen to successfully 
establish itself as a member of a rhizosphere microflora, it must be able to 
compete effectively with the saprophytes of that microflora for nutrients. 

The fact that the root region is a group of microhabitats where microbial 
numbers and activity are enhanced, a zone where, presumably, associative 
and antagonistic reactions are proceeding at a higher level than in most other 
soil microhabitats, has led many workers to think of the rhizosphere as the 
first line of defence of the plant root system against attack by plant pathogens. 

It has been shown that, in some cases, the presence of a rhizosphere micro-
flora may prevent infection. Muller-Kogler (1938) showed that Ophiobolus 
graminis could penetrate the roots of many Angiosperms growing in sterile 
soil, these plants being immune from infection when grown in natural soil. 
Garrett (1939) obtained infection of roots of wheat seedlings by ascospores of 
O. graminis in sterile sand but not in unsterile sand. 

The role of Trichoderma viride as an antagonist of various other soil fungi 
has been quoted in relation to resistance of flax to various wilt-producing 
organisms (Timonin, 1941) and in relation to the Fomes annosus root disease 
of pines (Rishbeth, 1950, 1951a, b). 

However, much more work is required on the possibilities of altering rhizo-
sphere populations in such a way as to eliminate various soil-borne pathogens 
from the root region (the possibility of foliar applications as a means of 
effecting such manipulations of rhizosphere microfloras has already been 
mentioned). 
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III. C O N C L U S I O N 

In recent years there has been a welcome change of emphasis in studies on 
micro-organisms in the root region—a change in the direction of studying the 
effects of these micro-organisms on the higher plants. Powerful techniques 
are now available for such studies, but new techniques and ideas are required 
to attack the complex group of microhabitats which comprise the root region. 

Basic detailed and critical ecological data (i.e. the species complement and 
amount of microbial material present) for root regions is sparse, due largely 
to the application, by many workers, of unsuitable techniques for isolation 
and enumeration of micro-organisms (particularly the fungi). However, it is 
apparent that much reliable data in this field of study is now being obtained. 

In an attempt to reduce the complexity of the root region to manageably 
experimental proportions it is probable that the use of simple model or arti-
ficial systems more amenable to critical biochemical and microbiological 
analysis will increase. From the synthesis of data from such systems might 
emerge a detailed picture of the mechanisms of microbial interactions in the 
root region and of the effects of specific organisms and groups of organisms on 
root physiology and development. At all events, it is certain that success in 
elucidating the plant-microbe inter-relationship in the root region can only 
come by a combined microbiological-physiological-biochemical attack on 
this complex problem. 
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