
Sam
 O

. D
ennis

Sam
 O

. D
ennis

1 1*, Teferi Tsegaye
*, Teferi Tsegaye

2 2, R
obert E

. H
arrison

, R
obert E

. H
arrison

1 1 and Sunnie A
. A

burim
e

 and Sunnie A
. A

burim
e

3 3  
1 1Tennessee State U

niversity, N
ashville T

N
  

Tennessee State U
niversity, N

ashville T
N

  2 2A
labam

a A
&

M
 U

niversity, N
orm

al A
L 

A
labam

a A
&

M
 U

niversity, N
orm

al A
L 3 3C

lark A
tlanta U

niversity, A
tlanta G

A
C

lark A
tlanta U

niversity, A
tlanta G

A
  

A
bstract

A
bstract  

 E
ntom

opathogenic N
em

atodes (E
N

s) are potential bio-control agents for soil-borne insects like the w
hite grubs of the scarab beetles. K

now
ledge of their fate in soils is im

portant for their re-
lease into the soil environm

ent. T
he study seeks to exam

ine the fate of Steinernem
a carpocapsae T

N
 18 strain, an entom

opathogenic nem
atode, in nursery soil at the colum

n scale. Tw
o field 

soils w
ere used to pack the colum

ns. T
he soils had history of nursery crop production for at least ten years. A

 D
arcian flux (0.8 cm

 hr
-1) w

as used to facilitate m
ovem

ent (leaching) of the 
nem

atodes in disturbed soil colum
ns. B

rom
ide concentration of 0.8 M

, non-toxic to the nem
atodes w

as added to the soil surface as a conservative tracer. L
eachate sam

ples w
ere assayed for 

nem
atodes and brom

ide concentrations. B
rom

ide and nem
atode breakthrough curves (B

T
C

s), as w
ell as tw

o adsorption m
odels, w

ere used to provide evidence of entom
opathogenic nem

a-
todes’ fate and transport processes in the soils. T

he am
ount of E

N
s sorbed to soils w

as tested w
ith tw

o adsorption isotherm
s (Freundlich and L

angm
uir). A

 good fit of the data w
as obtained 

w
ith the Freundlich isotherm

 w
hile the L

angm
uir isotherm

 exhibited a non-linear fit. R
elatively, the brom

ide and nem
atodes’ B

T
C

s indicate that the E
N

s m
ovem

ent w
as retarded in both 

field soils, suggesting that sorption m
ight be a key factor in determ

ining nem
atodes transport through soil. 

Introduction
Introduction  

N
em

atodes are w
orm

-like anim
als, usually m

icroscopic in size. Som
e are free-living, plant parasites and anim

al parasites. E
ntom

opathogenic nem
atodes (E

N
s) are exclu-

sively soil organism
s. T

hey attack insects by releasing bacteria w
hile inside the insects (Figure 1). T

he bacteria w
ill eventually decim

ate the insect(s). A
s a result they used 

as potential bio-control agents for soil-borne insects pests. In field nursery production system
s, w

hite grubs, e.g. Japanese beetle grubs, present an increasing threat to 
grow

ers because the pests destroy crops. A
dditionally, presence of grubs in nursery root balls m

ay result in quarantine actions and/or revocation of nursery certification. 
T

he prim
ary m

eans of controlling these soil-inhabiting insects is chem
ical insecticides. W

ith the use of chem
icals, the potential for surface and groundw

ater contam
ina-

tion abounds; and the active ingredients of these chem
icals are usually highly toxic and persistent. E

ntom
opathogenic nem

atodes offer m
any advantages over chem

ical 
products. T

herefore, know
ledge of their fate in Soils and im

plications on w
ater resources is im

portant. T
he objective of the study is to exam

ine the fate of Steinernem
a 

carpocapsae T
N

 18 strain, an entom
opathogenic nem

atode, in nursery soil at the colum
n scale. Freundlich and L

angm
uir isotherm

s w
ere used to describe the sorption 

of  E
N

s to nursery soils. 

M
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I.  Soil Characterization
I.  Soil Characterization  
 T

he soil sam
ples that w

ere used for the study w
ere collected from

 the A
labam

a A
&

M
 U

niversity’s W
infred T

hom
as R

esearch Station in N
orm

al, A
labam

a and from
 the Tennessee State U

niversity N
ursery C

rop R
e-

search Station, in M
cM

innville, Tennessee. T
he soils w

ere used to pack the soil colum
ns. T

he soils collected from
 the A

labam
a A

&
M

 U
niversity’s location w

ere classified as D
ecatur silt loam

 (R
hodic Paleudult soil). 

T
hose soils w

ere identified in the study as A
labam

a soils (A
S). T

he soils collected from
 the Tennessee State U

niversity's location w
ere classified as the W

aynesboro sandy clay loam
 (C

layey, kaolinitic, therm
ic Typic 

Paleudults). T
hose soils w

ere identified in the study as the Tennessee soils (T
S). Various nursery crops have been grow

n on both sites for at least ten years. T
he soil sam

ples w
ere collected from

 0-35 cm
 depth. T

he col-
lected soil sam

ples w
ere sterilized w

ith an A
m

sco m
odel 3021 autoclave w

ith tem
perature set at 254

0F for 60 m
inutes to kill existing nem

atodes in the soils.  T
he sterilized soil sam

ples w
ere then used to pack the soil 

colum
ns. T

he soils in the colum
ns w

ere packed to a bulk density of 1.20 gm
 cm

-3.  A
 total of eight (8) soil colum

ns w
ere used for the study. 

 II.
II.  

 Leaching Experim
ent

 Leaching Experim
ent  

E
ach soil colum

n (8 colum
ns total: 4 for Tennessee soil and 4 for A

labam
a soil) received approxim

ately 11,000 nem
atodes, an am

ount equivalent to a field application rate of about 1 billion nem
atodes per acre. T

he 
nem

atodes w
ere left to equilibrate w

ith the soil for 24 hours. B
rom

ide solution, 0.8M
 (0.095kgL

-1) non-toxic to the nem
atodes, w

as uniform
ly applied to the surface of each colum

n as a solute tracer. T
he rainfall sim

u-
lators w

ith w
ater dripping from

 them
 w

ere then placed on top of the soil colum
ns to leach the soil for brom

ide and nem
atodes. T

he leaching experim
ent w

as perform
ed in duplicate and w

as run for 48 hours. 
L

eachate sam
ples w

ere collected in 500-m
l polyethylene bottles  at specific tim

e interval (pore volum
es). T

he leachate sam
ples w

ere assayed for the presence of nem
atodes and brom

ide that m
ay have been trans-

ported through the soil colum
ns by w

ater. T
he breakthrough curve for brom

ide concentration w
as plotted using the relative concentration C

/C
0  (concentration recovered divided by initial concentration) versus pore 

volum
es of the leachate. A

t the conclusion of the leaching experim
ent, the soil colum

ns w
ere cut into six-depth increm

ents as described by D
ennis et al. (1999). T

he nem
atodes in each soil depth increm

ent w
ere ex-

tracted and quantified under a stereom
icroscope connected to an im

age analyzer program
m

ed for nem
atode recognition. 

  III. N
em

atode sorption experim
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III. N
em

atode sorption experim
ent  

In the kinetics experim
ent w

e found that equilibrium
 adsorption of the nem

atodes w
as reached after 4 hours, and that 24 hour w

as an appropriate equilibrium
 tim

e for the sorption experim
ent. T

hus, the sorption 
experim

ent w
as conducted the sam

e w
ay the kinetics experim

ent w
as done except for the follow

ing deviations: (a) T
he concentrations of nem

atodes inoculated w
ere varied; six (6) concentrations including blank (0, 

50, 100 200, 500 and 1000) w
ere used. D

ue to difficulty in counting the nem
atodes and in order to m

inim
ize error for m

iscount nem
atodes, concentration over 1000 w

as not used. (b) T
he flasks w

ere shaken for 24 
hours. A

fter shaking, the soils sam
ples w

ere allow
ed to settle for about 40 seconds and the supernatant w

as poured into a w
atch glass. T

he nem
atodes in the suspension w

ere counted and recorded as the concentra-
tion of nem

atodes in solution. T
his value w

as then subtracted from
 the initial concentrations (50, 100 200, 500 and 1000 nem

atodes) to obtain the am
ount of nem

atodes sorbed to the soil at each concentration. D
ata 

analysis (isotherm
s) w

as developed using the linear form
 of both the Freundlich and L

angm
uir equations. (c) T

he rem
aining soil sam

ples in the flask w
ere not discarded as in the kinetics experim

ent; instead they 
w

ere diluted w
ith 100 m

l of deionized w
ater and shaken vigorously for 10 m

inutes w
ith a Vortex-G

enieä shaker. T
his w

as done in order to desorb the nem
atodes that w

ere sorbed to the soil. N
em

atodes in suspension, 
if any, w

ere counted and recorded as the concentration of nem
atodes desorbed. 

 

R
esults

R
esults  

 Selected soil physical and chem
ical properties of both the A

labam
a soils (A

S) and the Tennessee soils (T
S) are show

n in Table 1. T
he percentage of clay and silt in the A

S soils am
ounts to 

78 percent indicating that these soils have relatively sm
aller pore space than the Tennessee soils. T

he saturated hydraulic conductivity (K
sat) for both soils w

as low
; the data show

s that 
the Tennessee soils w

ill conduct m
ore w

ater than the A
labam

a soils. N
ot w

ithstanding both soils have diverse soil characteristics that are unique to nursery crop production. 

Table 1.  Soil C
haracteristics: T

he A
labam

a and Tennessee soils  
 T

he average size of the E
N

s used in the study range from
 500 to 700 m

icrons in length and 18-30 m
icrons 

in w
idth. T

hese nem
atodes w

ere the infective juveniles (IJs) of the T
N

18 strain and have been tested for in-
sect pathogenicity. T

hey w
ere m

aintained in the laboratory in the refrigerator and w
ere brought to room

 
tem

perature before use. T
he IJs are m

orphological and physiological adapted to rem
ain in soil for a pro-

long period of tim
e w

ithout taking food w
hile in search for an insect host. 

T
he observed breakthrough curves (B

T
C

s) for nem
atodes and brom

ide for both the A
labam

a and Tennes-
see soil colum

ns are show
n in (Figure 3).  B

rom
ide breakthrough w

as observed after 2 and 3 pore volum
es 

in A
labam

a and Tennessee soils respectively.  T
he A

labam
a soils have m

ore clay and silt content therefore 
brom

ide w
as slow

 breaking through. H
ow

ever, a m
ass balance of the tracer w

as alm
ost achieved (97-99%

) 
in both soils (Table 2). T

he m
ovem

ent of the E
N

s through soil colum
ns did not follow

  the sam
e pattern as 

the tracer, thus the E
N

s did not breakthrough the soils. T
he w

ater application rate did not have any signifi-
cant effect on the distribution of the nem

atodes in the soil colum
ns. Instead, the w

ater rate w
as used to 

m
im

ic the ideal situation of irrigation intensity after E
N

s are applied to field soils.  T
he fact that som

e 
nem

atodes (< 1%
) w

ere recovered in the leachate of the T
S soils suggests som

e incidence of  transport of 
E

N
s in porous m

edia. It also show
s that w

hen E
N

s are applied to soils they tend to rem
ain in the m

edia to 
w

hich they w
ere applied. M

ost of the E
N

s (~ 85%
) recovered from

 the soil colum
ns in both the A

labam
a 

and Tennessee soils w
ere in the 0-15cm

 surface depth (Figure 4).  
In order to describe the fate of the nem

atodes in the nursery field soils, nem
atodes sorption w

as tested w
ith tw

o adsorption isotherm
s. T

he L
angm

uir and the Freundlich equations 
w

ere used to quantify nem
atodes sorption behavior in the field soils.  T

he sorption data for the nem
atodes fitted a linear isotherm

 (Figures 5)  w
hen plotted using the Freundlich equa-

tion: 

 
W

here: q = am
ount of nem

atodes adsorbed 
           M

 = am
ount of absorbents 

           C  = concentration of equilibrium
 solution 

           K
, n = are constants 

H
ow

ever, the data analysis w
as fitted to the logarithm

ic form
, w

hich gives a straight line w
ith a slope equal to 

 and an intercept equal to the value of log k for C
 = 1. T

he intercept 
is roughly an indicator of sorption capacity and the slope, adsorption intensity (C

orapcioglu and H
aridas, 1984).  Taking the log of equation (E

q 1) it becam
e: 

 

 
T

he R
2 values of the isotherm

s w
ere close to unity (0.999) suggesting that the Freundlich isotherm

 can be used to describe the sorption of nem
atodes to soil. T

he draw
back is that its 

(isotherm
) linear form

 does not allow
 it to reach m

axim
um

 sorption and as a result one can not tell w
hen the surface of an adsorbent is saturated or an adsorption has reached a m

axi-
m

um
. Interestingly, Pow

elson and G
erba  (1995) have also used Freundlich isotherm

 to describe the sorption of m
icro-organism

s (viruses) to soil, although the viruses w
ere sm

aller in 
size than the nem

atodes used in this study. T
heir isotherm

s w
ere also linear. C

onversely, w
hen our data w

as plotted w
ith the L

angm
uir equation, the isotherm

 w
as non-linear and the R

2 
values w

ere relatively low
 (Figures 6). T

his is not surprising because the L
angm

uir equation is a non-linear m
odel and as such cannot be recom

m
ended for describing nem

atode  
sorption in soil. T

he Freundlich sorption param
eters are show

n in Table 3.  

 
 E

quation (3) w
as used to calculate the retardation factor, R

 of the E
N

s for both soils. W
here, ρ is bulk density, θv is volum

etric m
oisture content and k in the equation is the adsorption 

coefficient and som
etim

es referred to as the distribution coefficient K
d .  

In the case of chem
ical adsorption to soils, if there is no interaction betw

een the chem
ical and solid phase the k in equation (3) becom

es zero therefore R
 reduces to 1. G

enerally, the re-
tardation factor for non-adsorbing chem

icals like chloride or brom
ide is assum

ed to be 1 (W
agenet and C

hen, 1998). In our study the retardation factor is an indication of the slow
ing 

dow
n of the E

N
s transport relative to the bulk of w

ater m
oving through the m

edia. T
he value w

as 4.7 for the A
L soils and 5.5 for the T

N
 soils (Table 3). Since our values are grater than 

1 for both m
edia, the assum

ption is that E
N

s has an affinity for soils and sorption to soils could be an im
portant factor in their transport processes. 

 

 = kC
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E
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E
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Soil Properties 
A

labam
a Soil 

Tennessee Soil 
pH

w  (1:2) 
5.3 

5.9  
O

rganic M
atter (%

) 
1.20 

1.76  
B

ulk D
ensity (gm

 cm
-3) 

1.51 
1.50  

K
Sat .  (cm

 hr
-1) 

0.76 
3.16  
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Figure 3. O
bserved breakthrough curves (B

T
C

s): brom
ide 

Soil C
olum

ns 
B

rom
ide R

ecovered (m
g L

-1) 
Percent R

ecovery 

A
labam
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     1 

3145 
98.28 

     2 
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98.50 
     3 

3140 
98.13 

     4 
3149 

98.40 
Tennessee Soil 
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M
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K
 

θv 
1/n 

R
** 

A
L

- Soils 
1.032 

0.331 
0.99 

4.74 

T
N

-Soils 
1.072 

0.287 
0.98 

5.47 

Table 3. Freundlich sorption param
eters for E

N
s by soil type. 

 Table 2.  M
ass balance of brom

ide (applied 3200 m
g L

-1 per colum
n).  

Figure 4. D
istribution of nem

atodes in the soil colum
ns. 

** R
etardation factor of E

N
s in tested soils 

N
ote: Soil colum

ns w
ere packed to a bulk density of 1.2g/cm

3 
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T

he prim
ary goal of this study w

as to understand the fate of m
icro-organism

s like E
N

s in m
edia that are predom

inately used by nursery crop grow
ers to grow

 ornam
entals. T

hese grow
ers are one of the stakeholders for 

research of this nature. N
ursery crop production needs to be sustainable and environm

entally friendly. Since E
N

s m
ight be released into nursery soil as part of grow

ers’ pest m
anagem

ent strategy, it w
as postulated that 

som
e of these nem

atodes could m
igrate below

 the root zone and contam
inate groundw

ater. H
ow

ever, this study suggests that w
ill not be the case. T

hese nem
atodes tend to have an affinity for soil; our data (Figure 4) 

show
s that the m

ajority of the infective juveniles of the E
N

s w
ere recovered in the 0-15 cm

 depths. T
his had practical im

plication on the efficacy of these nem
atodes in controlling soil-borne pests. It is evident that the 

goal of m
ost nursery crop grow

ers is to m
axim

ize the effectiveness of these nem
atodes around the root zones because this is w

here recalcitrant pests do m
ost dam

age. T
hus, if E

N
s are applied to nursery soils it m

ay offer 
an alternative to current pesticides used in the control of  w

hite grubs, the root feeding larvae of scarab beetle (C
oleoptera: Scarabaeidae). 
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