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Abstract: Larvae of Meloidogyne spp.  were readily infected wi th  the  endoparas i te  Bacillus 
penetrans by exposure  to an  aqueous  suspens ion  of spores f rom infected root-knot  nema tode  
females,  or  by passage of larvae t h r o u g h  a shal low layer (50 cm3) of spore- infes ted soil. Infec t ion  
severely reduced moti l i ty  of  second-stage larvae t h r o u g h  soil. Bacillus penetrans exh ib i t ed  a 
dis t inct  host  specificity in tha t  only 5 of 16 n e m a t o d e  species tested became infected with the  
popu la t i on  used.  Meloidogyne javanica, M. arenaria, a n d  M. incognita became more  heavily 
infected t han  M. hapla or  Pratylenchus scribneri u n d e r  s imi lar  condi t ions ,  bu t  all of  these 
species were also good hosts. U l t r a s t ruc tu ra l  changes  in the  endospore  wi th in  sporangia  adhe r ing  
to the  cuticle are s imilar  to those repor ted  for o t he r  ge rmina t i ng  Bacillus endospores .  Key 
Words: nematode  pa thogen ,  endoparas i te ,  hos t  specificity. 

Bacillus penetrans (Thorne)  Mankau,  
1975 ( =  Duboscqia penetrans), an obligate 
parasite of some plant-parasitic nematodes,  
has shown potent ial  as an effective biolog- 
ical control agent  in previous studies (4, 5, 
8, 10). T h e  results have been sufficiently 
promising to justify a concerted effort to 
study the appl ied biology of this parasite. 
T h e  life cycle of the organism has been 
described recently (6), and the per t inent  
taxonomic l i terature has been reviewed (3). 

T h e  mode of nematode  infection by 
B. penetrans is un ique  among  bacterial  
parasites of invertebrates, and a clear 
unders tanding of the process is essential to 
fur ther  investigations. Some of the initial 
results on infectivity and host range are 
reported herein. 

M A T E R I A L S  AND M E T H O D S  

T h e  popula t ion  of B. penetrans used in 
these studies was found infecting green- 
house cultures of Meloidogyne javanica 
that  originated from fields in the vicinity of 
Riverside, CA. One-week-old tomato  seed- 
lings pot ted in steam-sterilized soil were 
inoculated with infected larvae f rom these 
cultures. Infected 3I. javanica populat ions 
were main ta ined  ill the greenhouse by 
replant ing with tomato  seedlings and re- 
inoculat ing with nonin[ected M. ~avanica 
larvae approximate ly  every 6 months.  
Infected populat ions were main ta ined  for 
several years, and exper imenta l ly  utilized 
soil f rom them was designated as spore- 
infested soil (SIS). SIS was air-dried in 
approximate ly  2.5-cm layers on trays for 1 
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week or longer at 25-30 C and was stored 
for periods of several years without  loss of 
infectivity. 

Adul t  M. javanica females were dissected 
from the tomato  roots to obta in  spores of 
the parasite. Infected females were identi- 
fied by their dull  creamy white to amber  
color and absence of egg masses. Infect ion 
was confirmed by crushing the females in 
a drop  of water  and observing the spores 
with a compound  microscope. About  2 x 106 
spores were obtained from an average 
infected female. 

T h e  host range of this popula t ion  of 
B. penetrans was determined by two 
methods. In  the first method,  10 infected 
M. javanica females were dissected from 
root galls, placed in 0.5 ml of distilled water  
in a small watch glass, and crushed with the 
ground end of a glass rod. After cuticle 
pieces were removed with forceps, the 
suspension was di luted with 3.5 ml  of 
distilled water  and mixed. A droplet  of this 
suspension was then examined under  a 
microscope to confirm the presence of a 
large number  of spores. T h e  spore suspen- 
sion was dis tr ibuted into four small 
syracuse watch glasses; a similar set, 
containing only distilled water, served as a 
control. Forty hand-picked individuals of 
the test nematode were rinsed in distilled 
water  and placed in each watch glass with 
10 noninfected M. iavanica larvae, and 
these served as an addi t ional  control. T h e  
watch glasses were incubated on wet filter 
paper  within petri dishes at room tempera- 
ture and examined daily for 3 consecutive 
days. T e n  of the test nematodes were picked 
from each watch glass, rinsed in distilled 
water, and microscopically examined in a 
t emporary  water  moun t  at I000 X. Wi th  
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the second method,  a suspension of approxi-  
mately 2,000 nematodes of  the species tested 
were poured over 50 cm 3 of infested soil, as 
in the standard infection technique de- 
scribed later, and collected after 36 h. 
Nematodes  obtained were also examined 
for infection in a temporary  water  m o u n t  
as previously described. 

All nematodes used in this study were 
obtained from greenhouse pot cultures 
utilizing appropr ia te  host plants except the 
following: Tylenchulus semipenetrans was 
collected f rom feeder roots ( incubated in 
aerated water for 48 h) of infected citrus 
trees from a local orchard. Pratylenchus 
vulnus was obta ined by washing and 
screening soil collected around old wal- 
nu t  trees. Aporcelaimus sp. was from field 
soil known to have high populat ions,  
but  because their relative numbers  were not 
large, only approximate ly  200 were tested. 
Aphelenchus avenae and Aphelenchoides 
sp. were extracted from monoxenic  cultures 
growing on Rhizoctonia solani in potato- 
dextrose agar in petri  dishes. A reliable 
technique for inoculat ion was developed in 
which 50 cm z soil were placed on Kim- 
Wipes® (Kimberly-Clark Corp. Neenah,  
WI)  in a formed screen basket resting in a 
petri  dish part ial ly filled with water. A 
suspension of 500 M. ]avanica larvae was 
added to SIS and to steam-sterilized soil in 
four units each. This  technique, with some 
adjus tment  of tile parasite titer by di lut ion 
of SIS with noninfested soil, was adopted 
as a standard technique for infecting 
suspensions of root-knot  larvae. 

T h e  effects of parasite infection on root- 
knot  larvae was demonst ra ted  by the 
following experiment .  Th ree  sets of soils 

(A, B, g: C, in which A & B consisted of SIS 
containing root-knot nematodes and C 
consisted of citrus grove soil that  was known 
to contain numerous  citrus nematodes bu t  
not the bacterial  parasite) with four replica- 
tions were prepared.  Nematodes  were 
initially extracted from the soils and the 
soils were air-dried. T h e  soils were 
moistened prior  to the addi t ion of 500 root- 
knot  nematode  larvae, air-dried again, and 
rehydrated again pr ior  to the addi t ion of 
500 citrus nematode  larvae. In  a final 
t reatment ,  SIS (B) was steam-sterilized, 
whereas the other soils were air-dried as 
before, rehydrated,  and 800 M. iavanica 
larvae added. In  each treatment,  nematodes 
recovered 24 h after being set upon  the 
screens in petri  dishes were examined 
(Table  1). 

Ul t ra th in  sections of infected larvae 
were prepared by fixing specimens in  a 
mixture  of formol-calcium fixative (1) and 
20% DMSO (dimethyl sulfoxide) in dis- 
tilled water  (11). T h e  two components  
were mixed in a 5:1 rat io (v/v) of fixative 
to DMSO immediate ly  prior  to use. Speci- 
mens were fixed I h at room temperature,  
rinsed three times in tap water, punctured,  
and post-fixed 2.5-3.0 h in phosphate  
buffered OsO4. T h e y  were then rinsed 3 
times in tap water  and embedded in 2 %  
agar made in 0.9% saline (13). T h e  
material  was dehydrated through an acetone 
series and embedded in a mix ture  of 9 parts 
Maraset  resin 655 and 1 par t  Cardoli te 
resin NC513 with 1.0 ml of MM dimethyl- 
benzylamine/50 ml resin. Sections were cut 
with glass knives on a Sorvall MT-2 
u l t ramicrotome and stained 20 min  in a 
saturated ethanol  solution of uranyl  acetate 

TABLE 1. Recovery of Metoidogyne javanica larvae from Bacillus penetrans-infested and control soil. 

Larvae  recovery 
per soil 

Soil treatment 
None A, C (Air-dried)' 

(Initial extraction) A, B, C (Air-dried) r B (Steam-sterilized) 
Healthy Infested Healthy Infested Healthy Infested 

Spore-infested soil (A) 0 48 x 2 42 21 232 
Spore-infested soil (B) 5 ~ 50 x 1 65 777 0 
Citrus soil control (C) 2,079 ~ 0 475 0 470 0 

*'Citrus nematode larvae. 
~Root-knot larvae originally in soil. 
7Five-hundred M. javanica added/15-cm pot. 
*Eight-hundred M. javanica added/I5-cm pot. 
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a n d  t h e n  5 m i n  w i t h  l ead  ace ta te  (9). T h e  
sect ions were  e x a m i n e d  a n d  p h o t o g r a p h e d  
on  a Phi l l ips-300 t r ansmiss ion  e lec t ron  
mic roscope  o p e r a t e d  at  80 Kv. 

R E S U L T S  

Of  the  500 M. ~avanica a d d e d  to rep l i -  
ca te  SIS a n d  con t ro l  uni ts ,  an  average  of  8 
h e a l t h y  a n d  61 in fec ted  l a rvae  were  recov- 
e red  f rom uni t s  w i t h  SIS a n d  an  average of 
430 la rvae  were  recovered  f rom the  s ter i le  
soil  af ter  48 h. T h e  to ta l  n u m b e r  of l a rvae  
recovered  f rom the SIS was on ly  16% of 
the  n u m b e r  recovered  f rom the  con t ro l s  a n d  
88% of  these were  in fec t ed  w i th  the  
paras i te .  

In  a test on  in fec t iv i ty  of the  pa ras i t e  on  
roo t -kno t  n e m a t o d e  l a rvae  in  th ree  soils, 
most  of  the  la rvae  recovered  f rom soils A & 
B were  in fec ted  a f te r  24 h ( T a b l e  1). A n  
average  of  2,079 c i t rus  n e m a t o d e  l a rvae  
were  recovered  f rom soil  C, b u t  none  were  
in fec ted  w i th  the  paras i te .  Af t e r  b e i n g  air- 
d r i e d  for 48 h, the  screen baskets  c o n t a i n i n g  
soils A, B, and  C were  r e t u r n e d  to c lean  
pe t r i  d ishes  p a r t i a l l y  f i l led w i th  water .  A 
suspens ion  of 500 hea l t hy  M. ]avanica l a rvae  
was a d d e d  to each soil r ep l i ca te .  Ex t r ac t i ons  
e x a m i n e d  af te r  24 h showed on ly  a b o u t  a 
10% recovery  of  the  l a rvae  a d d e d  to SIS 
soils A a n d  B as c o m p a r e d  to a b o u t  95% 
recovery  of  those a d d e d  to soil  C. Over  
95% of  l a rvae  r ecove red  f rom A a n d  B 
were  infec ted .  T o  d e t e r m i n e  w h e t h e r  the  
i m p a i r e d  m o t i l i t y  or  recovery  of  l a rvae  in  
soils A & B m a y  have been  caused  by  some 
factor  o the r  t han  pa ra s i t e  in fec t ion ,  such as 
phys ica l  p rope r t i e s  of  soils A 8c B, a l l  soil  
r ep l i ca tes  were  aga in  a i r -d r i ed  for 48 h and  
500 c i t rus  n e m a t o d e  l a rvae  were  added .  T h e  

l a t t e r  are  s imi l a r  in  size a n d  m o t i l i t y  to 
M. javanica b u t  are  no t  hosts  of the  para -  
site. Af t e r  24 h ex t r ac t ion ,  an  average  of  
a lmos t  9 5 %  of  the  c i t rus  n e m a t o d e  l a rvae  
were  recovered  f rom al l  soils. Of  the  800 M.  
javanica l a rvae  a d d e d  to a l l  soil  r ep l i ca tes  
in  the  final t r e a tme n t ,  a b o u t  97% of  those  
a d d e d  to the  s t eamed  SIS (B) were  recov- 
ered,  b u t  on ly  30% of  those a d d e d  to tl le 
a i r -d r i ed  SIS (A) were  r ecove red  a n d  over  
95% of  t i le  l a t t e r  were  in fec t ed  w i t h  the  
paras i te .  N o n e  of  the  l a rvae  f rom s t e a me d  
soil  B were  in fec t ed  ( T a b l e  l) .  Recove ry  
of l a rvae  f rom the  c i t rus  grove  soil  (C) was 
a b o u t  59% of those added .  

Host Range Study: Spores  of the  pa ra -  
si te r e a d i l y  became  a t t a c h e d  to second-stage 
l a rvae  of  31. javanica; w i t h i n  24 h, 90% 
of  the  l a rvae  were  in fec t ed  a n d  most  of  
t h e m  h a d  m o r e  t han  20 spores  ( sporang ia )  
a t t a c h e d  to the i r  cut ic les  ( T a b l e  2). T h e  
la rvae  a d h e r e d  to each o t h e r  in  smal l  
c lusters  w h i c h  were  v is ib le  even w i t h o u t  a 
microscope .  Close e x a m i n a t i o n  of the  
chts ter  i n d i c a t e d  tha t  the  n e m a t o d e s  s tuck 
toge the r  a t  a p o i n t  whe re  a spore  was 
a t t a c h e d  to the  cut ic le  of  one.  H e a l t h y  o r  
n o n i n f e c t e d  l a rvae  r e m a i n e d  free of  these 
clusters.  I n  smal l  c lusters  the  agg rega t i on  
was of ten  d i s r u p t e d  by  the m o v e m e n t s  of  
the  nema todes .  La rge  n u m b e r s  of  in fec ted  
M. ]avanica l a rvae  of ten  f o r m e d  r e l a t i ve ly  
large  clusters  f rom which  they cou ld  no t  
escape. A t  the  end  of  the  72-h pe r iod ,  a lmos t  
a l l  of  the  la rvae  were  in clusters  a n d  heav i ly  
infected.  S imi l a r  b e h a v i o r  was n o t e d  w i th  
M. arenaria and  M. incognita. Meloidogyne 
hapla l a rvae  were no t  as heav i ly  in fec ted  as 
M. ]avanica, b u t  fo rmed  some clusters.  
L a r v a e  and  adu l t s  of Pratylenchus scribneri 

TABLE 2. Relative susceptibility of host nematodes to Bacillus penetrans. 

Species of nematode 
Percent infected nematodes a 

Time exposed to spore suspension (h) 
24 48 72 

Spore-infested soil 

Meloidogyne iavanica 90 M 100 H 100 H 78 
M. incognita 88 M 100 H 100 H 79 
M. arenaria 63 L 80 M 100 H 69 
M. hapla 60 L 80 L 90 H 49 
Pratylenchus scribneri 43 L 78 L 80 L 49 

• Infection level (spores attached per nematode): L = light (I-10), M = medium (10-30), H = heavy (more 
than 30). 
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were readi ly  infected bu t  d id  no t  form the 
characterist ic  clusters observed wi th  root- 
kno t  nematodes ,  and  some larvae were 
noninfec ted  and  active at the end of  the 
72-h period.  

Results  ob ta ined  f rom the soil test 
conf i rmed the observat ions  made  wi th  spore 
suspensions in water. A p p r o x i m a t e l y  70% 
of the roo t -knot  larvae recovered were 
l ightly infected (Table  2), and  a few were 
very heavily infected. Of  the five species of  
nematodes  recorded  as hosts, M. hapla and  
P. scribneri showed slightly lower  rates of 
infect ion than  the others. Pratylenchus 
brachyurus was no t  infected.  T w o  P. vulnus 
larvae were infected wi th  a single spore, 
bu t  this seemed insufficient to consider it a 
potent ia l  host. Even m u c h  longer  periods 
of exposure  (up to 7 days) d id  no t  increase 
the infection,  and  it was no t  cer tain tha t  
these ind iv idua l  spores were able to 
penet ra te  P. vulnus and reproduce .  One  
specimen of Tylenchulus semipenetrans 

was also observed to have a single affixed 
spore, bu t  even after  popu la t ions  of  T. 
semipenetrans were ma in t a ined  in infested 
soil for over 6 months ,  no  fur ther  infect ion 
could  be found.  Thus ,  this species canno t  
be considered a host. N o n e  of  the fo l lowing 
species tested showed any infect ion in  ei ther  
larvae or  adul ts :  Aphelenehoides sp., 
Aphelenchus avenae, Aporcelaimus sp., 
Ditylenchus dipsaci, Heterodera schachtii, 
Trichodorus christiei, Tylenchorhynchus 
claytoni, and  Xiphinema index. 

Ultrastructure: Observat ion  of  the fine 
s t ructure  p rov ided  l imi ted  i n fo rma t ion  on 
the general  features of pene t ra t ion  and  
infection.  T h e  cup or  bowl-shaped spore 
has almost  always been observed wi th  its 
concave surface affixed to the n e m a t o d e  
cuticle. T h e r e  is no  u l t ras t ruc tura l  evidence 
of an adhesive substance in these 
preparat ions .  T h e r e  is an ind ica t ion  of a 
mechanica l  suction-cup-like re la t ionship  of  
the spo rang ium to the cuticle (Fig. 1). 

FIG. 1. Sporangium of Bacillus penetrans affixed to cuticle (cut) of a Meloidogyne second-stage larva. 
The raised sporangium wall (sw), fibrous sporangium cytoplasm (cy), and microfibrillar external sporangium 
coat (mr) are typical of this stage. The centrally-located endospore (end) has contacted the cuticle and 
changes can be observed in its wall structure and in the adjacent nematode cuticle. 
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T h e  endospore within the sporangium 
becomes distinctly oriented to the nematode 
cuticle with some disorganization of the 
outer and inner spore coats, lamillar layers, 
and cortex adjacent to the cuticle. T h e  
nematode cuticle suggests dissolution or 
degradation immediately adjacent to the 
endospore. T h e  sporangium cytoplasm has 
a fibrillar appearance, and the cytoplasm 
within the spore germ cell shows some 
distinct elements not visible in dormant  
spores. 

DISCUSSION 

Our results indicate host nematodes can 
be efficiently infected with B. penetrans by 
mixing nematodes with a suspension of the 
adhesive spores in a shallow dish of water 
or by allowing the nematodes to migrate 
through a shallow layer (ca. 15 mm) of 
infested soil. Infection by the parasite 
markedly impairs motil i ty of root-knot 
larvae since only about  10% of the larvae 
added passed through soil infested with B. 
penetrans spores. Larvae of a non-host, T. 
semipenetrans, which passed through the 
same soil were almost entirely recovered, a 
fact indicating that infection by the parasite 
rather  than any soil conditions caused the 
reduced recovery of root-knot larvae. When 
SIS (B) was steam-sterilized in the final 
treatment,  almost all of the root-knot larvae 
added to the soil were recovered (Table  1), 
a result verifying the previous conclusion. 
T h e  reduced recovery from the citrus soil 
may have been due to physical factors, such 
as compaction caused by repeated wetting 
and drying of the soil on the screen, 
different from A and B. We have observed 
that larvae with one to three spores 
attached to the cuticle retained normal 
motility, whereas the presence of more 
spores impaired motil i ty through soil. T h e  
great majori ty of all B. penetrans-infected 
nematodes recovered from natural  soil 
populations carried only one to two spores. 

It should be possible to control experi- 
mental  infection of a populat ion of host 
nematodes by adjustment of the titer of 
spores in soil to which they are exposed. 
Similarly, a specific ratio of spores to 
numbers of root-knot larvae in an aqueous 
suspension should allow for controlled 
infection rates. Such relationships have not  
yet been experimental ly established. 
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Review of infections reported in the 
l i terature and of collected infected nema- 
tode specimens indicated that a wide range 
of species, both plant-parasitic and free- 
living, are attacked by the parasite. T h e  
study of the host range of our  populat ion of 
B. penetrans among nematodes which were 
available to us in sufficient numbers indi- 
cated a more restricted host range than 
would be apparent  from the l i terature (12). 
A number  of the genera or species, which 
our parasite would not  infect, have been 
reported as hosts; and specimens of the 
same or closely related nematode species 
occur in the senior author 's  collections from 
various areas of the world. Only 5 of 16 
different species tested could be infected 
under  the conditions used: 4 species of 
root-knot nematodes and 1 species of lesion 
nematode (Table  2). T h e  populat ion of 
the parasite studied appears to be specific 
to root-knot nematodes and of 3 species of 
Pratylenchus tested, only P. brachyurus was 
infected. There  are undoubtedly  a number  
of biotypes, races, or even species of this 
parasite. A more detailed study of the host 
range and host-parasite relationships of the 
parasite is required before the question of 
biotypes or species can be clarified. Our 
parasite populat ion may attack other nema- 
tode species which have not yet been tested. 

Th e  penetrat ion of B. penetrans through 
the nematode cuticle and the apparent ly 
specific relationship to the cuticle are 
unique among what appear to be related 
bacteria. T h e  milky-disease pathogens of 
insects, B. popilliae, B. lentimorbus, and 
B. larvae, are morphologically similar but  
differ from B. penetrans in some important  
features (4). T h e  former are ingested by 
insects and infect only certain closely 
related beetles of the family Scarabaeidae 
by penetrat ing the insect gut and then 
developing in the haemolymph. These 
bacteria are similar and can only be dis- 
tinguished from one another  by cultural 
and immunological  methods. T h e  ultra- 
structural changes which occur in B. 
penetrans during or prior  to the process of 
infection (spore germination) are similar to 
those reported for Bacillus spores in 
general (2). T h e  dissolution of an infection 
port  in the nematode cuticle was recently 
verified (7). 

T h e  relatively simple infection tech- 
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n i q u e s  w e  h a v e  d e s c r i b e d  a l l o w  t h e  
m a i n t e n a n c e  o f  p a r a s i t i z e d  n e m a t o d e  p o p u -  
l a t i o n s  a n d  p r o v i d e  a b a s i s  f o r  e x p e r i m e n t a l  
s t u d y  o f  t h e  a p p l i e d  b i o l o g y  o f  t h i s  
i m p o r t a n t  n e m a t o d e  p a t h o g e n .  
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Control of Citrus Nematode Tylenchulus semipenetrans 
on Fine-textured Soil with DBCP and Oxamyl 

L. W. TIMMEW 

Abstract: Three grapefruit orchards on sour orange rootstock were treated by metering DBCP 
(l,2-dibromo-3-chloropropane) at 56 kg(a.i.)/ha into 15 cm of water in a flood irrigation system. 
In orchards with 43-49% clay ill the surface foot, DBCP reduced numbers of Tylenchulus 
semipenetrans below control levels for 1.5-2.0 years. In the 3 orchards, DBCP treatment resulted 
in increases in yield or fruit size in the 2 seasons following treatment. No increases in yield, 
fruit size, or fruit numbers were observed the third season after treatment, but  retreatment of 
a portion of one orchard after 2 years resuhed in large increases in yield and fruit numbers 1he 
following harvest. Application of oxamyl twice annually as a foliar spray at 2.8 kg(a.i.)/ha 
reduced nematode populations to about  50% of control levels and resuhed in a large increase 
in yield in 1 of the 2 seasons tested. I)BCP treatment of fine-textured soils controlled citrus 
nematode and increased yields, but  its effect was not as long lasting as on coarser soil in other 
citrus areas. Foliar applications of oxamyl reduced nematode populations but  were not as 
consistently effective as DBCP treatments. Key Words: population dynamics, soil type. 

T h e  c i t r u s  n e m a t o d e ,  Tylenchulus semi- 
penetrans C o b b ,  is a w i d e s p r e a d  p e s t  i n  
T e x a s  c i t r u s  o r c h a r d s  w i t h  a b o u t  9 0 %  
b e i n g  i n f e s t e d  (4). P r e s e n t l y ,  D B C P  
( l , 2 - d i b r o m o - 3 - c h l o r o p r o p a n e )  is t h e  o n l y  
m a t e r i a l  r e g i s t e r e d  fo r  p o s t p l a n t  t r e a t m e n t  
o f  o r c h a r d s .  A p p l i c a t i o n  o f  D B C P  i n t o  
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Weslaco, Texas 78596. The author is indebted to J. E, 
Fucik for collection of a portion of the yield data, to 
R. F. Leyden for assistance with the soil analyses, and to 
S. Villarreal for technical assistance. 

f lood  i r r i g a t i o n  sy s t ems  a t  r a t e s  o f  56-69 
k g ( a . i . ) / h a  h a s  r e s u l t e d  i n  r e d u c t i o n  of  
n e m a t o d e  p o p u l a t i o n s  a n d  i n c r e a s e d  y i e l d s  
o n  s o m e  T e x a s  soi ls  (1, 5). 

P e n e t r a t i o n  of  D B C P  i n t o  soi ls  is 
r e t a r d e d  b y  h i g h  c l ay  (11, 17) o r  o r g a n i c  
m a t t e r  c o n t e n t  (8). B a i n e s  e t  al .  (3) r e c o m -  
m e n d e d  r a t e s  o f  D B C P  f r o m  39 k g ( a . i . ) / h a  
fo r  soi ls  w i t h  2 - 3 %  c lay  to  97 k g ( a . i . ) / h a  
for  soi ls  w i t h  15-18 % clay.  Soi ls  w i t h  g r e a t e r  
t h a n  2 0 %  c l ay  w e r e  c o n s i d e r e d  t o  r e q u i r e  
h i g h  r a t e s  w h i c h  c o u l d  b e  p h y t o t o x i c  a n d  
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