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THEOREMS

I
Old cultivated soils are usually unhygienic substrates for plants and partial soil
sterilization should become a common agricultural technique.

(This Thesis)}

11
Instead of a soil fungicide, a biocide with a wider spectrum of biological activity
should be preferred for control of a soil-borne fungal disease.

(This Thesis)

III
The specificity of tobacco rattle virus transmission by Trichodorus pachkydermus
is probably determined by the charge of the surface of the virus particles and
that of the cuticle of the digestive tract of the nematode.

(C. E. TavyLor & W. M. RoserTson, J. Gen. Virol. 6 (1970):
179-182)

v
Chemical control will remain the major method for pest control as long as alter-
native methods are still neither practical nor economical.

v
In U.AR. (Egypt), the high-dam project will increase the natlonal agricultural
income despite lowering the soil fertility.

(H. AeparLan, U.A R, Agriculture. Foreign Relations Dept.,
Minis. Agric. 1965: 115 p.)

(AnonyMous, Statistical Abstract of the United Arab Republic.
Central Agency for Public Mobilisation and Statistics, Cairo
1970: 182 p.)

VI
In developing countries, a wider basis in educational pyramids is necessary for
better progress in the industrial as well as in the agricultural fields.



VII
In arid lands, breeding for drought and salinity resistance especially for orchard
plantations, could be of more value than breeding for disease resistance.

VI
Industrialization of raw materials in the developing exporting countries could
be a means for gbtaining better human nutrition in these countries as a result
of economic improvement.

M. F, M. Eissa
Wageningen, 2nd. june, 1971



‘Micro-organisms are the eventual heirs to the dead bodies of all animals, including those of
micro-biologists’.

S. D. GarreTT, 1964

To every constructive hand in human welfare,
To all those who contributed in my education and those who would,
To my parents, wife and son.
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1. INTRODUCTION

1.1. PARTIAL SOIL STERILIZATION (PSS} AND ESTIMATION OF CROP LOSSES

Partial soil sterilization is any physical or chemical soil treatment which
strongly reduces certain groups of soil organisms.

The physical methods comprise treatments by heat, freezing, drought, flood-
ing, electricity, radiation, or mechanical disturbance of the soil. The chemical
methods comprise various treatments of the soil, or sometimes of the crops,
with pesticides. PSS is a powerful technique to eliminate yield deficiencies in
crop production and may help to improve the food supply in the world as a
whole (VALLEGA and CHIARAPPA 1964). It is applied in agriculture to compensa-
te yield losses due to soil-borne pests and pathogens and unknown causes in
cultures of high value and would no doubt find wide application in many field
crops if costs were not prohibitive. Numerous results of specific treatment —
crop ~ field combinations are published, and reports are available on wide-
scale application of particular treatments in certain areas. The literature on soil
disinfection, especially on the application of nematicides, is already vast and is
increasing rapidly.

In the years 1965 up to 1970 about 400 articles on soil disinfection have been
published, which is 13 % of the total nematological literature, according to the
card file by BAKER, QOSTENBRINK and vAN BERKUM (1967 onward).

In The Netherlands at least 30,000 ha of agricultural land was treated with 250
1 of dichloropropene formulations in 1969 (HIINK, pers. comm.). Also the
flower-bulb soils (about 12,000 ha) and the glasshouse soils (about 5,000 ha) -
are usually treated once every 2 or 3 years, as well as part of the vegetable cul-
tures in the field and of replanted orchards, nurseries for woody plants, orna-
thentals, strawberries and some other crops. In these cases higher doses and
more expensive materials_are often used than for agricultural land. It is a
conservative estimate that in The Netherlands in 1969 more than 40,000 ha,
about 4%, of the arable land, were treated with soil disinfectants and that the
value of the materials exceeded 10 million guilders. In the U.S.A. over half a
million acres for growing high value crops, such as tobacco, vegetables and
pineapples have been treated in 1959 (TAYLOR 1961).

Goop and FELDMESSER (1966) reporied that one million acres were treated
annually with soil disinfectants representing a sales value of 25 million dollars.
This area has increased since then: in 1969 about one and a half million acres,
which still is less than 19 of the cultivated land, was treated (Goob, pers.
comm.).

Despite many publications on soil disinfectants, reliable estimates about the
potential overall effect of PSS on agricultural production are scarce, and this
holds for specific treatments on specific crops.
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TayLor (1961) reviewed 853 experiments and reported a yield increase for
treated soil as compared to untreated of 367, for lima beans, 519, for corn,
91 % for cotton, 909, for okra, 126%, for soybeans, 175% for sugarbeet, 139
for tobacco and 73 %, for tomatoes. The general increase for all crops was 87%,.
Several authors pointed out that the yield increase could not be attributed only
to the control of nematodes. TAYLOR stated that the contribution of other soil
organisms is difficult to assess, but did not exceed 109 of the value obtained
in his experiments. TAYLOR’s results, however, were obtained on ficlds with
known problems and are therefore not representative for normal farm soils.

There are, on the other hand, a number of estimates of the damage caused by
nematodes, and these losses are compensated by PSS at any rate. An overall loss
of more than 109, is considered an appropriate estimate by several authors
(LEAP 1955, QosTENBRINK 1957, TAYLOR 1967 and Goop, pers. comm.), Hurt-
CHINSON (1959) estimated U.S. § 15 million as the yearly loss for New Jersey
and ALLEN and MAGGENTI (1259) indicated more than $ 90 million for Cali-
fornia. HoLLis (1962) suggested the possibility of a 509 increase in crop pro-
duction if nematode pests would be controlled on Kenya farms, Losses esti-
mated as {09 of the total crops value in the U.S.A. would reach 4-5 thousand
million dollars (BRowN 1963). Other estimates for the U.S.A. are lower:
3 500 million (CAIRNS 1955); $ 250 million (HuTCHINSON et al, 1961); or § 372
milfion on an average for field, fruit, nut and vegetable crops in U.S.A. for the
years 1951-1960 (Le CLErRG 1964). OTEIFA {1965) estimated that the yearly loss
in Egyptian horticultural crops due to plant nematodes was £ 2 million.
SouTtHEY and SAMUEL (1954) reported a loss of £ 2 million for potato in England
and Wales due to Heterodera rostochiensis.

Knowledge of the total damage caused by nematodes and other organisms
in the soil is incomplete. At any rate the present estimate is lower than the total
PSS effect. How far this gap is due to underestimating the damage by either
soil-borne pests and diseases, or other effects of PSS, which are known to
exist, cannot be indicated on the basis of present knowledge.

1.2, SCOPE OF THE STUDY

The purpose of this study was to get quantitative information about the
power of PSS to increase crop yields in The Netherlands, and the main parameter
used to determine this power was c¢rop yield from treated as compared to
untreated soil. An extensive inventory of published and unpublished data was
made. Experimental work under field and laboratory conditions, in which
emphasis was laid on nematode infestation, was added. The study dealt with
the situation in The Netherlands, where nowadays more soil disinfectants are
used per ha cultivated land or per inhabitant than in other countries, including
the U.5.A. ‘
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2. LITERATURE REVIEW

Two files were the basis for literature study on partial soil sterilization in
general and on soil sterilization against plant nematodes in particular. They
were file of summari¢s on ‘Chemical control of plant nematodes’, and supple-
ments, published by PEACHY and CHAPMAN (1966, 1967 and 1968) and the
literature file on ‘Plant, soil and freshwater nematodes’, published and currently
complemented by BAKER, COSTENBRINK and VAN BErkuM (1967 onwards). The
literature has been arranged according to the means of PSS as follows:

2.1. PHYSICAL MEANS

2.1.1. Heat

Steaming soil is a widespread method of PSS in horticulture. It was reported
early by RuUssiEL and BupDiN (1914). MELCHERS (1919) protected glasshouse
vegetables against root-knot infestation by using steamed soil. TRIFFITT and
Hurst (1935) recorded strong infiuence of soil humidity on the effect of heat
treatment. JOUNSON (1946) warned against secondary, harmful effects caused by
steaming the soil. A general treatise on the application of heat for soil sterili-
zation was given by LAWRENCE (1956). A new development is the application
of steam mixed with air, which is effective although the temperature reached in
the soil is Iess than 100°C (BAkER and OLSEN 1960). Finally: dry heat, generated
by passing electricity through wires in the soil (VAN DEN BRANDE and GILLARD
1957) is also a method of PSS, as well as burning wood to prepare soil for the
cuitivation of pepper as described by VAN DER VECHT (1930).

2.1.2. Freezing .

Plant nematodes can normally endure the low temperatures which occur in
their natural habitat and are rather preserved than killed by it. Frost stops nema-
tode activity, but the populations do not usually suffer noticeably losses during
winter (OOSTENBRINK 1966). Laboratory research showed that ~16° C kills
Anguina tritici in infected wheat seeds. SAYRE {1963) reported that the eggs of
some nematode species tolerated — 35°C for a considerable time. Other examp-
les of nematode tolerance to low temperatures are reviewed by Dao {1970).
Freezing as a technique for nematode control has hardly been applied in
practice.

2.1.3. Drought

Fallow as a practice to increase soil fertility was known of old. The ancient
Egyptian ‘sheraqi’ induced temperatures of over 46°C in the top ten centimeters
of soil in middle- and upper-Egypt (PRESCOTT 1919 and 1920). Several authors
have mentioned the possible value of this method for nematode control
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{CRITTENDEN 1953, CHRISTIE 1959, Rask1 1959, SEINHORST 1968 and KHAN
pers. comm.).

2.1.4. Flooding

BrowN (1934) reported that flooding the soil for 12-22 months would be
necessary to obtain a good control of root-knot nematodes, CRALLEY {1957)
found that flooding of rice fields at sowing time reduced white tip disease,
caused by Aphelenchoides besseyi, from 607 to 1%,. JoHnsoN (1957) stated that
survival of Tylenchorhynchus martini was poor in rice fields saturated with water.
HorLis and RobriGUez (1966) found the nematicidal compounds butyric
acid and proprionic acid in the soil shortly after flooding. Usually flooding has
to be continued for several months to make it effective against nematodes. The
technique is therefore not very promising, unless special crops can be grown in
the wet soil as a rotation practice, like rice and reed.

2.1.5. Electricity

. DauLTON and STOKES (1952) reported excellent root-knot control by passing
an electric current through soil, but Lear and Jacos (1955) got negative re-

sults. Electricity is, of course, effective as a source of heat as recorded under2.1.1

2.1.6. Irradiation

Radioactive irradiation was studied as a method of nematode control
(MyErs 1960, GReEEN and WEBSTER 1965), but it was not effective in economic
doses for sterilization of soil (Woop and GooDEY 1957) nor applicable for
killing nematodes in plants (Myers and DropxiN 1959, VAN DE WOESTIINE
and VAN DEN BRANDE 1960). Other kinds of irradiation also had little effect
on nematodes, e.g. ultraviolet irradiation (GReeN and WEBSTER 1965) and
vltrasonic waves (KAMPFE 1962),

2.1.7. Mechanical disturbance

Ploughing, harrowing and rotavating soil may kill or inactivate part of the
nematofauna, although the effect of these methods is usually small unless they
are combined with fallow. CHRISTIE {(1959) recommended ploughing immediate-
ly after harvest to expose infested roots to heat and drought. OOSTENBRINK
(1964) recorded effective suppression of Trichodorus teres by rotavating the soil,
Beneficial effects obtained by deep ploughing or by burying the top soil are
recorded, but they are rather soil replacement than PSS and fall outside the
scope of this publication.

2.2. CHEMICAL MEANS

2.2.1. Early nematicides
These chemicals comprise carbon bisulfide, hydrocyanic gas, cyanamides,
isothiocyanates, hypochlorites and chloroacetates. KUnN (1881) attempted to
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eradicate Heterodera schachtii by means of carbon bisulfide, known from appli-
cations against Phylloxera infestation of grape in France. Byars (1919) was
able to control root-knot nematodes by means of hydrocyanic gas. Both re-
searchers reported that the partial soil sterilization obtained was not economic,
The herbicide sodium c¢yanamide was tested by Warson (1924). MILES and
Turn~Eer (1928) reported on the application of calcium and sodium cyanamide
against root-knot in tomato and cucumber. HURST and FRANKLIN (1938)
evaluated calcium and sodium cyanamide against H. rostochiensis, TRIFFITT
(1529) did the same with mustard cil (isothiocyanate), SMEDLEY {1936 and 1939)
with hypochlorite and isothiocyanates, SMEDLEY (1938) and O'BRrIEN et al.
(1939) with chloroacetates. Of these chemicals only calciuim cyanamide is still
studied in connection with certain special applications, whereas we will meet
isothiocyanates again as the active ingredient in some modern nematicides,

The number of chemicals used as soil disinfectants is still small. Nematicides
account for most of the treated area. Application of nematicides on a practical
scale came to the fore only afier the discovery of the halogenated hydrocarbons
DD (CARTER 1943) and EDB (CHRISTIE 1945) as relatively cheap, effective che-
micals. Some nematicidal chemicals were known earlier, as well as the broad-
spectrum soil fumigants chloropicrin and methyl bromide. Several others,
belonging to different chemical groups, have been discovered since then. A
number of specific soil fungicides are also known. The most important chemi-
cals used for PSS are briefly discussed under the headings: broad-spectrum soil
fumigants, halogenated hydrocarbons, isothiocyanates, organophosphorous
compounds and other systemics, soil fungicides, other soil pesticides. The
chemicals used frequently in our experiments are listed in Table 1, which indi-
cates their chemical structure and other important data.

2.2.2. Broad-spectrum soil fumiganis
The main soil fumigants which are effective against all living organisms in
the soil, are chloropicrin and methyl bromide.

a. Chloropicrin {CP)

The first report concerning CP as an effective nematicide was by MATTHEWS
(1919), it was known as an insecticide and previously as a war gas; GODFREY
(1934 a & b) applied CP against the root-knot nematode in Hawaii and got better
yields and quality. TayLor and McBETH (1941b) introduced planting-site treat-
ment for melon. Good results against root-knot nematodes were reported by
NELLER and ALLISON (1935), CHitwoop (1941), TayLor (1943), STARK et al.
(1944), TayLoR and McBETH (1947), MACHMER {1949} and DarBy (1961) and
others, CHITwWoOD and NEWHALL (1942) were able to control onion bloat cau-
sed by stem eelworm in muck soils. Destruction of Pratylenchus species was re-
ported by OweN and ELLI1s(1951), Rask1 (1956), LEMBRIGHT (1959) and APT and
GouLp (1961). BAINES and MARTIN (1953) recorded control of the citrus nema-
tode Tylenchulus semipenetrans down to a depth of five feet. DArBY (1961) and
others studied the effect of CP against ectoparasitic root-infesting nematodes,
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viz, Trichodorus christiei, Belonolaimus longicaudatus, Hemicycliophora parvana,
Hoplolaimus tylenchiformis and other species.

Successful control of soil-borne pathogenic fungi by CP was reported by
ANONYMOUS (19502 & b), WILHELM (1965}, LEMBRIGHT(1959), RAsKI (1956), Con-
VERSE (1960) and many others, HOESTRA (1968) introduced CP application as a
practical method for controlling apple replant disease. Apt and GouLp (1961}
reported slight increase in losses from narcissus Fusarium basal rot due to CP
soil treatment in spite of yield increase over check and top grade. BucHENAU
(1963) observed beiter emergence, winter survival, plant length, yield and
kernel weight for wheat, when the soil was treated with CP. This treatment of
the soil also caused better yields and quality for pine-apple (JonNsoN and
GopFreY 1932; TaM and CLARK 1943 and Tam 1945), peach (TAyLor and
McBEeTH 1%47), several fruits (MACHMER 1949), orange (BAINES and MARTIN
1953), tobacco (TAYLOR 1956), strawberry (LEMBRIGHT 1959); narcissus (APT
and Gourp 1961) and tomato (STARK et al. 1944). Sealing of CP treated soil
is important to obtain good results (TAYLOR 1943) and to save part of the dose
{LemBRIGHT 1959). The effect of a CP-treatment of the soil may last for two
(Owens and ELL1s 1951) or even four years (LEMBRIGHT 1959) and sometimes
the vield 1s still favourably influenced 5 years after the treatment (MACHMER
1949 and BANes and MARTIN 1953). In some cases, however, soil-borne diseases
returned more seriously some years after a CP treatment than in the control
soil (OosTENBRINK and HOESTRA 1961, APT and GouLp 1961).

Weed control may also be an important result of CP treatment (TayLOR
1956 and Darey 1961). Parris (1958) reported that CP is capable of destroying
protoplasm in any organism and therefore emphasized the power of CP to
kill all kinds of soil organisms.

b. Methyl bromide (MB)

RicHARDSON and JoHNsON (1935) mentioned MB as an effective nematicide
for high value crops. TayLor and McBETH (1940, 1941 a & b) emphasized the
efficacy of M B against many kinds of soil organisms and indicated the necessity of
sealing the treated soil to obtain good results. Root-knot nematodes were
reported to be suppressed by MB soil treatments (SHER et al, 1958, MORGAN
19358, THoMASON 1959, Darby 1961 and Goob 1964), as well as Pratylenchus
species (OAKES et al. 1956, ApT and GouLD 1961 and RABEWALD et al. 1964),
Trichodorus christiei and related species (OAKEs et al. 1956, DARBY et al. 1962,
ADaMs and True 1962 and RADEWALD et al. 1964), Tylenchorhynchus mar-
tini, T, dubius and other species (OAKES et al. 1956, ATKINS and FIELDING 1956,
Apams and TRUE 1962), Belonolaimus gracifis and B. longicaudatus (STEEL and
Goon 1958, Darsy et al. 1962), Hoplolaimus tylenchiformis and H. galeatus
(DarBY et al. 1962, RUEHLE and Sasser 1964), Hemicycliophora parvana
(DARrBY et al. 1962), Meloidodera floridensis, Helicotylenchus dihystera and
Xiphinema americanum (RUEHLE and Sasser 1964), and cyst forming nematodes
(HAGUE and Soop 1963). CHEN et al. (1962) reported good nematode control for a
period of 3 years, when MB was applied.
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The effect of MB on soil fungi is apparently less marked than that of CP
(STARK and LEAR 1947). 1t did not control some Fusarium species (MCCLELLAN
¢t al. 1947, Arr and GouLp 1961), but was effective against others (THOMASON
1959, Goop 1964). MCCLELLAN et al. {1947) reported that MB was moderately
effective against Sclerotium rolfsii. THOMASON (1959) found it effective against
Sclerotia bataticola, but not against Rhizoctonia solani and Stemphyllium sp. It
reduced Phytophthora fragaria infestation of strawberry (CONVERSE 1960), and
was effective against damping off problems caused by Pyrhium spp., Pelli-
cularia filamentosa and P. rolfsii (DArBY 1961).

Crop yields and quality were often reported to be increased by MB treatment
without specifying the cause. Such reports were encountered on tomato (STARK
et al. 1944), tobacco (TAYLOR 1956, MorGaN 1958), rice, corn and Lima beans
(ATkiNs and FIELDING 1956, OAKEs et al. 1956, STeeL and Goop 1958), nar-
cissus (ApT and Gourp 1961}, Norway spruce and pine (ADaMS and TRUE 1962,
RueHLE and Sasser 1964). Alfalfa also showed increased yields for the second
year after treatment (RADEWALD et al. 1964), and Norway spruce continued to
show better growth for 5 years (ApAMs and TRUE 1962).

Records concerning herbicidal effects of MB were reported by TayLor (1956),
Daray (1961), Goobp (1964) and others. MB affects the protoplasm of nema-
todes and other animals, fungi and weeds, according to Parris (1938).

2.2.3. Halogenated hydrocarbons

This group comprises the three most successful nematicides as well as some
other effective chemicals, widely used as soil disinfectants, viz. dichloropropene,
ethylene dibromide and dibromo-chloropropane. Methyl bromide also be-
longing to this group, has already been discussed under (2.2.2.b).

a. Dichloropropene (D)

This is the active ingredient of DD (a mixture of more than 50%; dichloropro-
pene with dichloropropane and some other compounds), also available without
seccondary compounds under other names.

CARTER’s 1943 publication on DD is classic now, because it introduced the
first nematicidal soil fumigant which became successful from a technical and an
economical point of view. He reported that DD was effective against soil ani-
mals but not against fungi in standard doses. Since then numerous reports on
DD or other formulations of dichloropropene have appeared. Early reports
showed it to be successful against root-knot nematodes in watermelon (PARRIS
1946), peach (TAYLOR and McBETH 1947), tobacco (ANDERSON 1951, SHEPHERD
1952, MILLER 1957), cotton (RAskI and ALLEN 1953, YounG and SmiTH 1953),
sweet potato {MULLIN 1952, NIELSEN and Sasser 1959}, tomato (MILLER 1958,
MaRLATT and ALLEN 1959), sugarbeet {MILLER 1958), grapes (RaAskl and
LeAr 1962), strawberries (KanTzES and MORGAN 1962), caladiums (RHOADES
1964), onion (THoMAsON et al. 1964) and other crops (CHAMBERS and REED
1963, WiLsoN and HEDDEN 1964, and several others), DD also controls
cysteelworms, e.g. the beet cyst nematode (THORNE and JENseN 1946) and the
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potato cyst nematode (PETERS 1948, ScHMITT 1948, QOSTENBRINK 1950 and
others). :

Successful control of Pratylenchus species has, among others, been obtained
in tobacco (ANDERSON 1951), corn (OwENS and ELLis 1951, OAKESs et al. 1956,
YounGg 1964, EDMUNDS et al, 1967), nursery stock (HOESTRA 1961, OOSTEN-
BRINK 1961, OosTENBRINK and HOESTRA 1961 and HoesTrRA and (QOSTENBRINK
1962), walnut {LowNsBerY and SHER 1957), onion (THOMAsON et al. 1964),
narcissus (APt and GouLp 1961, SLooTweG 1954). DD was also effective
against Rotylenchulus reniformis in cotton (ANDERSON 1956), Tylenchulus semi-
penetrans in citrus (BAINES and MARTIN 1953, BANEs et al, 1962), Ditylenchus
species in daffodil (THomAS et al. 1938), potato (DARLING 1959) and onion
(Birp and SMITH 1965), Trichodorus species in onion (THOMASON et al. 1964,
JENSEN et al. 1964), Tvlenchorhynchus species in corn {OAKEs et al. 1956), rice
(ATKINS and FIELDING 1956, HoLLis et al. 1959) and Norway spruce {ADaMs
and TRUE 1962), and also Belonolaimus gracilis (STEELE and Goop 1958,
YouNG 1964), Xiphinema americanum (THORNE and ScHiERER 1962), Criconemoi-
des species (YOUNG 1964) and Pratylenchus species (WILsoN and HEDDEN 1964),
Dichloropropene is effective against all soil animals, including socil insects
(CHRISTIE 1947a &b), although itis hardly used against animals other than nema-
todes for economic reasons.

The effect of dichloropropene on soil fungi was studied by a number of au-
thors. McCLELLAN et al. (1947} and others, found that DD was not effective
against fungi. It is not recommended for the control of soil-borne fungus in-
festations. Several authors, however, indicate that it has fungicidal effects when
the dose is considerably increased (WENSLEY 1956). YOouNG and Smith (1953)
found that DD was effective against Fusarium wilt of cotton; Goob (1964)
found the same for Fusarium infestation of okra. BAINEs et al. (1962) reported
that high doses of DD controlled Fusarium and Pythium species in soil treat-
ment prior to planting lemon, and HoesTRA (1968) recorded strong effect of
high doses of DD for the removal of replant disease of apple in pot experiments.

Increased plant growth and quality due to dichloropropene treatment was
reported by Tam (1945) for pineapple, Parris (1946) for watermelon, TAYLOR
and McBETH (1947) for peach, PETERS (1948), ScuMITT (1948) and PETERS (1949)
for potato, ANDERSON (1951), McBETH (1951) and MILLER (1957) for tobacco,
McBETH (1951) and MiLLER (1958) for tomato, McBETH (1951) for melon and
cowpea, MULLIN (1952) and NieLseN and Sasser (1959) for sweet potato,
ALLEN and RAski(1952) for tuberous Begonia, Oakes et al. (1956) and Young
(1964) for corn, THOMASON et al. (1964) and JENSEN et al. (1964) for onion,
LownsBery and SHer (1957) for walnut, MiLLer (1958) for sugar beet,
HouLis et al. (1959) for rice, ApAMs and TRUE (1962) for Norway spruce,
Baines and MARTIN (1953) for orange, Baines et al. (1962) for lemon and
RuoaDEes (1964) for Caladium tubers. The positive effects of a DD treatment
may be evident for one year (McBETH 1951), two years (ANDERsON 1951,
LownsBERY and SHER 1957) even up to ten years (BAINES et al. 1962), depend-
ing on the problem and the dose used.
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Several workers report negative effects of dichloropropene treatments due
to phytotoxicity, which may reduce plant growth and influence taste of the
product (BESEMER and OQOSTENBRINK 1955).

MARLATT and ALLEN (1959) got unsatisfactory tomato yields, when DD was
used to control root-knot nematodes due to a heavy, unexpected virus disease.
ANonymous(1950a&b)and SHEPHERD{1952) reported reduced quality of tobacco.

ENNIK et al, (1964) found that DD reduced clover in a grass-clover mixture,
whereas Kooistra (1964) concluded that DD increased the ability of white
clover to compete with perennial ryegrass.

Goop and RANKIN (1964) reported that DD caused a moderate weed control
effect, which observation was also made by other workers.

b. Ethylene dibromide (EDB)

CHrisTIE (1945) was the first worker to indicate the efficacy of EDB as a
nematicide. Effective nematode control and yield increase were also reported
by: NEwHALL and LEar (1948), TAarIAN (1948), ANDERSON (1951), SHEPHERD
(1952), BaNes and MarTIN (1953), YOUNG and SMiTH (1953), ATKINS and
FIELDING {1956), HorN et al. (1956), WiLson (1956), LOwNSBERY and SHER
(1957), MILLER (1957), STEEL and GooD (1958), TaoMas et al. (1958), MARLATT
and ALLEN {1959), NiELsEN and Sasser (1959), CHamBERS and REED (1963)
and WiLsoN and HepDEN (1964).

The effect of EDB was amongst others, studied in citrus, ornamentals, tobac-
co, strawberry, rice, and vegetable crops and for control of citrus, root-knot,
stem, stylet, lesion, sting and burrowing nematodes, as well as wilting and
complex diseases, in various crops.

PeacHEY and WINsLOW (1962) reported that EDB caused a partial sterilizing
effect in soil.

McCLELLAN et al. (1955) noticed no decrease of wilting in cotton afier the
application of EBD. MorGaN (1957), ReyNoLDs and HansoN (1957) and
Dickey {1962), however, noticed that EDB influenced wilting of tobacco,
damage by Rhizoctonia solani to cotton and artificial bacterial infestation on
tomato.

¢. Dibromachloropropane (DBCP)

MCBETH (1954) and Raski1(1954) published the first indication that DBCP, in
the formulation Nemagon, was a valuable nematicide. Due to its low vapour
pressure, it is effective only in warm soils, therefore in glasshouses, and in
tropical and sub-tropical regions. Good results with DBCP were obtained
against the citrus nematode (O’BANNON and REyNoLDs, 1962 and 1963),
against root-knot nematodes in tobacco (MORGAN 1958), cotton (MORTON
1959), strawberry (PoTTER and MORGAN 1956, MorGAN and JEFFERS 1957,
SMART et al. 1967) and carrot (WiLsoN and HEDDEN 1964), against Ditylenchus
dipsaci in soil (BARKER and SASSErR 1959), against Belonolaimus longicaudatus
and B. gracilis (CoopER et al. 1959, STEEL and GooD 1958), against Trichodorus
spectes (MINTON et al. 1960}, against Radopholus similis in citrus (SUIT et al.
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1961). LEAr et al. (1965) reported good control of Heterodera schachtii and
H. cruciferae, whereas control of H. schachtii was poorin experiments by MILLER
(1958). Poor results with DBCP were also reported for root-knot nematodes in
tomato by MARLATT and ALLEN (1959), and for Pratylenchus species in walnut
by LowNsBERY and SHER (1957).

DBCP is used in practice against nematode infestations only, although some
effect against soil fungi and bacteria has been observed, e.g. against Rhizoctonia
solani in tomato (AsHwoORTH et al. 1964), against Sclerotium rolfsii in Texas
spinach and peanuts (THAMES and LANGLEY 1964) and against artificial infesta-
tion of Agrobacterium tumefaciens (DICKEY 1962).

BIRCHFIELD and PINCKARD (1964) and Birp (1963) were able to control
Fusarium wilt and root-knot nematodes in cotton simultaneously by using a
mixture of DBCP and the fungicide pentachloro-nitrobenzene.

DBCP is successful in practice, because it is effective at small doses and
therefore at a reasonable price, and because phytotoxicity is so low that many
crops can be treated during growth without suffering noticeable damage,

d. Other halogenated hydrocarbons

Several other halogenated hydrocarbons are effective nematicides, e.g. di-
chloroethane, chlorobromopropene, dichlorophenylpropene and a number of
related compounds. They did not find wide application, but good results were
obtained by Russian workers (CEKALINA 1966, VoLopkoviZ and CEKALINA
1967) in experiments against root-knot nematodes and beet cyst nematodes.
Some of these chemicals possess fungicidal qualities.

2.2.4. Methylisothiocyanate compounds (Trapex and Vapam)

Methyiisothiocyanate (MIT) was already recorded as an effective nematicide
by both TrifrITT (1929) and SMEDLEY (1936, 1939), and it later appeared to have
some antibiotic qualities against other animals, fungi, bacteria and weeds as
well. Two modern nematicides based on MIT are Trapex and Vapam. Trapex is
a 20°% formulation of MIT, which was introduced by PiEroH, WERRES and
RASCHKE (1959); Vorlex is a mixture of Trapex with dichloropropene formu-
lations. Vapam, recorded as a nematicide by LEAr in 1956, comprises 20-40%,
Sodium-N-methyldithiocyanate {metham sodium} which in the soil is trans-
formed to MIT within a few hours after application. The chemical is also effec-
tive when it is introduced as a solution in irrigation water and can also be used
in hydroponic cultures (SVESNIKOVA 1965). Trapex and Vapam are comparable
in their effect; both are strongly phytotoxic and require a waiting period of
several weeks after treatment before plants can be sown or planted (CHANDRA
and BoLLEN 1961), Both chemicals are used in practice on a limited scale
against specific problems in which pathogens other than nematodes are involved.

Positive results with Trapex or Vapam were obtained against nematodes
(ADams and TRUE 1962, Goopand RANKIN 1964, and others), nematodes and fungi
(BAINEs et al. 1957 and 1958), Streptomyces scabies (FINK 1956), bacteria (DiCKEY

"~ 1962) and unknown causes of yield deficiencies (PEACHEY and WINSLOW 1962).
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2.2.5. Organophosphorous compounds and other systemics

Several insecticides, such as DDT, BHC and dieldrin, are not, or only slightly
effective against nematodes, but many organophosphorous compounds are.
Most of them are not very phytotoxic, work as systemics and can be applied as
sprays or dips for plants and plant organs or as soil sterilizers. The list of effec-
tive chemicals comprises parathion, systox, malathion, disyston, diazinon,
thimet, nellite, V.C, 13, fensulfothion, thionazin,lannate and others. Earlyreports
on the effect of parathion and systox sprays against leaf eelworms and stem eel-
worms in chrysanthemum, strawberry, alfalfa and other crops are by Raski
and ALLEN (1948), DiMock and Forp (1950), BRowN and FRANKLIN 1953,
FEDER (1952, 1954), BERGESON (1955) and others. These chemicals are also
effective against root eelworms when they are mixed turough the soil.

The two compounds last mentioned are among the promising systemic nema-
ticides, of which a number of formulations are under investigation, such as
Terracur P and Dasanit on the basis of fensulfothion = 0.0-diethyl-0-(4-methyl-
sulphinyl-phenyl}-monothiophosphate, and Nemafes, Zinophos and Cynem
on the basis of thionazin = 0.0-diethyl 0-2-pyrazinyl phosphorothioate.

Other new promising nematicides outside the group of the organophospho-
rous compounds comprise Temik, on the basis of aldicarb = 2-methyl-2-(me-
thylthic) propionaldehyde-0-(methylcarbamoyl)-oxim, and a number of experi-
mental chemicals. ,

Due to toxic effects of residues, it is uncertain whether any member of these
systemic nematicides could be released for application on food crops.

2.2.6, Soil fungicides

Two fungicides, which were often used in our study, are Captan and PCNB.
They are known as fungicides, but preliminary experiments showed that each
of them killed about half of the plant parasitic nematodes when applied to soil
in the usual amount. Their nematicidal effect, therefore, is not negligeable.

a. Captan (CA)

The active ingredient of Captan is N-(trichloromethylthio)-1,2,3,6tetra-hydro-
phthalimide. It was introduced as a fungicide in 1949 by the Standard Oil
Development Co. K1TTLESON (1952) was the first to describe the compound as an
effective fungicide particularly for application to foliage. In the soil Captan has
a half life of 70-75 days. It significantly reduces the total number of fungi, bac-
teria and actinomycetes. Among the fungi effectively controlled were Pythium
ultimum and Rhizocronia solani (DoMscH 1959). HoesTRA (1968) investigated the
effect of Captan treatment in connection with research on a specific apple
replant disease in The Netherlands. In pot experiments some stimulation of
growth in apple was observed. In the field the effect was only slight. DoMscH
{1959) and Spencer (1968) reported no phytotoxic action of this chemical,
while E1ssa (1971) observed phytotoxocity when working with barley.
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b. Pentachloronitrobenzene (PCNB)

The fungicidal and bactericidal effect of PCNB when applied as a soil sterili-
zeris reported by many workers {Auctores diversi), RANKIN and Goop (1959)and
RANKIN (196]) described a phytotoxic effect of this compound. MURANT and
TayLor {1965) indicated that PCNB also suppressed nematode populations
effectively, in this case of Longidorus elongatus. MILLER (1961) and Surr et al.
(1961) reported that PCNB mixed with Nemagon increased apple and citrus
growth, and Birp (1963), and BIRCHFIELD and PINCKARD (1964) found the same
with regard to cotton. MILLER and WAGGONER (1962) found that PCNB con-
“trolled soil pathogenic fungi but doubled the nematode population because
its natural enemies were suppressed. -

2.2.7. Other soil pesticides

Several other chemicals are known to be powerful soil disinfectants, but have
for some reason or other not yet reached widespread application, Most of them
are nematicides; at least some of them are effective against a wide range of
organisms. The list comprises amongst others: sodinum-selenate, a powerful
systermnic nematicide and insecticide when applied to the soil, according to
Dimvock {1944} and TArJAN (1950a); copper-sulfate, which may kill nematodes
in doses which are not yet phytotoxic (DE MAESENEER 1967);
mercury compounds, namely chlorides and oxide, which have to be mixed
through the soil and are effective against nematodes without causing toxicity of
the plant and the soil, according to GRAINGER (1956, 1960) and GRAINGER
and CrLARrK (1963); several sulfur-compounds, such as N, N” dimethylthiuram-
disulfide (Tridipam), tetrachlorothiophene and dichlorotetrahydrothiophene
(BoOGAERT and Hink 1959, MILLER and WAGGONER 1962);
sugar, when applied at high doses (FEDER, EicHHORN and HuTCHINS 1962);
dinitroorthocresol, which is a wellknown herbicide and insecticide, but is also
applied to de-nematize mushroom sheds in The Netherlands, and sometimes as
soil disinfectant against nematodes in East-European countries (STojanov
1962);
formaldehyde, which is effective against fungi and nematodes when applied in
water at doses of 15-20 1/m?;
calciumformate and other faity acid derivates (VAN BERKUM 1964, JOHNSTON
1957); calciumoxide, viz, burning lime, which is effective if applied at a high
dose to soils with & high pH (Kuieer and DE LEEUW 1963).

The normal fertilizers may also affect the density of plant nematodes and
possibly of other pests and pathogens in the soil when a heavy dosage is applied
{OOSTENBRINK, pers. comm.).

2.3. PSS EFFECTS

PSS causes direct effects, in relation to the added materials, the organisms in
the soil and the soil itself, and indirect effects, e.g. on plant growth, Plant growth
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for practical reasons was used as a yardstick to measure the effects of PSS in this
study. The relation of plant reactions to the direct effects of PSS, therefore being
an interpretation of these reactions, was not the main purpose of this study. It
was nevertheless pursued in a number of experiments. For this reason the pre-
sent knowledge of the influence of PSS on plant growth-factors was reviewed
under the heading: elimination of noxious organisms, effect on soil fertility,
and direct effect of soil sterilizers.

2.3.1. Elimination of noxious organisms

This is the principal incentive for the application of PSS. Certain treatments
destroy all organisms in scil, and others are selective, as indicated before. The
main groups of organisms controlled by PSS are: nematodes and other animals,
fungi and bacteria, and complex diseases (including soil borpe viruses with nema-
todes or fungi as vectors).

a. Nematodes and other animals

Most nematicides as well as the broad spectrum treatments, without much
selectivity, kill all species of nematodes except the saprozoic nematodes
which usunally survive better. Some differences may occur in toxicity to various
stages in the life cycle of a given species and to different species (ANONYMOUS
1968), but these differences are small, The killing effect largely depends on the
chemical used, the dose, method of application, type and structure and also
moisture and temperature conditions of the soil, and whether the nematodes
are protected in parts of roots, cysts or otherwise. It therefore depends on many
variable factors and a 1009/ kill is hardly ever attained.

Little is known about the mechanisms of nematode kill by different sterilizers,
although stray bits of information and suggestion have been published (CriT-
wooD 1952, RHODE 1960, WELLE and BirLoo 1965, BrowN and DUNN 1968,
KrusBerG 1965, 1968, Spurr 1966, MARKS et al. 1966, ANoNymous 1968),
Thermal kill, possibly due to protein and fat denaturation, has been discussed
by Morita and GODFREY (1933), BELEHRADEK (1935), STANILAND (1953), Le-
VITT (1956), Guese (1957), KOFFLER et al. (1957) WALKER (1960 & 1962), BLoOM
{1963) and SAYRE (1963).

Nematicides are usually zoocides and kill all animals in soil, and in the case
of being systemic also in leaves. They are therefore effective, and sometimes used
against wireworms or other soil insects, and against aphids (LANGE 1947,
RHOADES 1961, MOTSINGER 1961, and others).

b. Fungi and bacteria

Fungi vary much in their susceptibility to the mecans used for PSS. An
important point still being discussed is whether the widely used nematicides,
DD and EDB have little effect against soil fungi or none at all (PARRIS 1945,
CHRISTIE 1947a & b and others). Other workers, however, reported some effect,
at least against certain fungi, of DD and EDB (ZeNTMYER and KENDRICK 1949,
Jack and SmiTH 1952, and others), especially with high doses of the chemicals
(HoestraA 1968).
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CP, MB and other broad-spectrum disinfectants as well as DBCP and Cap-
tan are reported to be effective against many soil fungi by numerous workers.
In some cases PSS finally led to an increase of a fungus infestation after an
initial suppression, e.g. for Sclerorium rolfsii on tomato (RANKIN and Goob
1959}, or an otherwise harmless species became a noxious parasite after PSS,
e.g. Trichoderma viride on alfalfa and celery (EDMUNDs and Mar 1966).
The results of PSS against pathogenic bacteria are not well known and are often
contradictory. Heat and CP are known to be effective in most cases, but a
number of reports indicate that DD also has a noticeable effect against bac-
" teria, e.g. Bacterium solanacearum in tomato (SMITH 1947) and Pseudomonas
syringae in peach {DEVAY et al. 1962),

¢. Complex diseases and soil-borne viruses

Soil-borne plant diseases are often of a complex character and nematodes
are quite frequently members of such complexes according to STEINER (1953).
Many nematode-fungus, nematode-bacterium, and nematode-virus complexes
have been identified in recent years, as well as some fungus-virus complexes
(PitcHER 1965, and CALVERT and HARRISON 1966).

Complex diseases can usually be cured by the elimination of one of the con-
stituents and this makes apptlication of nematicides effective against problems in
which nematodes are involved as principal pathogens, initiators, contributers
or vectors.

2.3.2. Effect on soil fertility

PSS influences soil fertility by changing the availability of nitrogen, but its
influence on other plant nutrients and on physical soil propertics may also
be noticeable,

PSS usually causes a nitrogen flush, because part of the animal and plant
organisms in soil are destroyed and mineralized {ammonified); it may also
enhance the ammonium/nitrate ratio in the soil, owing to the new ammonium
formed and to the fact that nitrification in treated soils is temporarily reduced
{Du BuissoN 1917, STARk et al. 1939, Kincamp and YoLk 1949, WINFREE and
Cox 1958, CHaNDRA and BoLLEN 1961, GORING 1962, ALTMAN 1963, EDMUNDS
¢t al. 1967 and HuINg 1969).

The increase of available nitrogen was estimated to be some tens of kilo-
grammes per ha usually (O0STENBRINK 1957). TILLET (1964) mentions 10-30kg/
ha for sand and silt soils in Rhodesia. KOLENBRANDER (1969), however, indi-
cated that the amount increased with the humus content of the soil; he also
concluded that autumn application of DD in The Netherlands did not cause a
strong nitrogen flush, but nevertheless markedly increased the nitrogen avail-
ability in the spring because it suppressed nitrification and therefore loss of
nitrogen during the winter, since nitrate is drained away in a rainy climate
whereas ammonium is not. Delayed nitrification was therefore considered more
important than the direct nitrogen flush itself. When rapid nitrification occurs,
the nitrogen available in the soil may scon be equal or less for treated as com-
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pared to untreated soil, Application of DD in Hawai stopped nitrification for
8 weeks, whereas the influence of CP was still measurable after 2 years (Tam
1945). CoLpraN and GrReeN (1963) found a delay of 60-110 days after application
of DD, CHANDRA and BoLLEN {1961) recorded 30-60 days for Nabam and My-
lone. ALTMAN {1963} found an excess of ammonium for 7 weeks after treatment
with DD. High temperature, high organic matter content, re-inoculation and a
high pH promoted quick restoration of the nitrification process (GORING 1962),
The high amount of ammonium-nitrogen in treated soils may be favourable
to the crop, e.g. for pineapple (TaM 1945) and for potato (PeTERS 1953), or it
may be harmful, e.g. for tobacco (TILLET 1964) and for tomato, bushbean and
squash (Goop and CARTER 1965). The last mentioned authors recommended
addition of extra nitrogen fertilizer shortly after PSS.

Other plant nutrients may also be influenced. Nematode infested plants often
comprise a lower content of certain minerals than uninfested (OTEIFA 1952,
SHER 1957a & b). Mineral deficiencies may be indicative of nematode infestation
(Rask1 1953). PSS, either chemical or thermal, may influence the balance of
minerals in the soil, and therefore the mineral contents of plants. On treated
soil the leaves of boxwood comprised more Na (TArRJAN 1950b), the leaves
of lemon comprised more Ca, Mg and less Na and the leaves of orange com-
prised more K and Mn (MARTIN et al. 1953). Heating of the soil may cause
excess of Mn which may cause manganese intoxication in lettuce (MESSING
1965). SONNEVELD (1968) reported that release of Mn depends on heating tem-
perature, time of exposure, and soil type. Incidentally PSS with CP and MB
caused zinc deficiency in cotton (WILHELM et al. 1967). EDMUNDS et al. (1967)
found more Fe and Al and less Mn and nitrate in maize leaves after PSS with
either heat or chemicals. The effect of PSS may differ with soil type and plants
and perhaps other factors. Further, uncertainty exists in many cases whether
differences in plant composition are due either to differences in mineral compo-
sition of the treated as compared to the untreated soil, or to better root devel-
opment due to elimination of noxiouws organisms.

A slight increase of the soil pH following PSS was reported by QOSTEN-
BRINK (1958). This might have been due to the ammonium accumulation re-
corded earlier, for the change of ammonium into nitrate again suppresses the
pH (CHEVRES-ROMAN 1967).

2.3.3. Direct influence of soil pesticides on plants

Direct growth-promoting effects of soil pesticides on plant growth are possible
if they include nutrient elements, but may be discarded in the case of fumigants
which disappear rapidly. The amounts are usually small in term of fertilizer
application. Nevertheless some positive effects have been reported. ALTMAN
and LAwLOR (1964) reported that certain bacteria feed on DD as a C-source and
produce plant-growth promoting substances.

However, direct effects of soil pesticides are usually noxious. Most soil
disinfectants are strongly phytotoxic and application must therefore be follow-
ed by a waiting period from one to several weeks before sowing or planting is.
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possible. Also when plant growth is increased by the treatment, phytotoxicity
may be involved and may have decreased the effect of the treatment. Sometimes
the cause of phytotoxicity is specifically related to a certain component of the
pesticide, as for instance yield reduction of cabbage, bean and beet after MB
and EDB treatments which is attributed to a high bromine-content (STELMACH
1959). A number of soil pesticides may influence quality and taste of harvested
products, or cause toxic residues in such products (BeseMEr and QoSTEN-
BRINK 1955).
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