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Abstract A population of the citrus nematode Ty-

lenchulus semipenetransCobb (Tylenchida: Tylenchul-

idae) associated to a Pasteuria sp. (Bacillales:

Bacillaceae) was studied in a naturally infested field.

In a first population dynamics study, prevalence never

exceed 50 % and showed a density-dependent relation-

shipwith the host at 2–3 months time lags, with a spring

sharp increase. In a spatial sampling study, both

organisms resulted uniformly distributed and matched

the observed relationship. In top (10 cm) soil the adult

females were lower than in deeper layers, whereas the

nematodes with adhering endospores were higher.

Anderson and May’s Model G applied showed that

50–400 endospores per cc of soil can sustain

stable regulatory cycles. The nematode and bacterium

populations were found in the field 12 years later with

declining densities, below the calculated threshold

needed to maintain the parasite infection. Data con-

firmed the bacterium potential in nematode regulation

and showed that host numbers affect prevalencechanges

in time.

Keywords Bacterium � Citrus nematode � Density
dependence � Modeling � Parasitism � Tylenchida �
Tylenchulidae

Introduction

Tylenchulus semipenetrans Cobb (Tylenchida:

Tylenchulidae) is a widespread pest of citrus severely

affecting plants performance and yields in sub-optimal

growth conditions. The nematode mainly attacks

young feeder roots and its pathogenicity is enhanced

by stress related to soil properties and/or water

availability (Duncan and Noling 1987). Many biolog-

ical antagonists have been reported for T. semipene-

trans, including Pasteuria sp. (Bacillales: Bacillaceae)

or nematophagous fungi, regulating its densities in

mature trees (Gaspard and Mankau 1986; Fattah et al.

1989; Kaplan 1994; Sorribas et al. 2000).

The genus Pasteuria (Firmicutes: Bacillaceae)

includes endospore-forming fastidious endoparasites

with a narrow host specificity. In P. penetrans (Sayre

& Starr), parasitic in root-knot nematodes (RKN),
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infection starts in soil with the attachment of dormant

endospores to motile second stage juveniles (J2). The

endospores eventually germinate penetrating the J2,

yielding an infection synchronous with the host

development. In optimal conditions P. penetrans

completes its cycle in 3–4 weeks, sporulating in

mature RKN females, once they established their

feeding site in roots.

Further Pasteuria spp. show similar host adaptation

and specificity, like P. nishizawae (Sayre, Wergin,

Schmidt & Starr) sporulating in adult females of the

cyst nematode Heterodera glycines (Ichinohe) (Noel

et al. 2005). Other forms or putative species, however,

complete their cycles sporulating in J2 and other

motile stages, like a further Pasteuria sp. from the

cereal cyst nematode H. avenae (Wollenweber) or

other species from tylenchid or dorylaimid hosts

(Davies et al. 1990; Ciancio et al. 1992; Ciancio 1995).

The Pasteuria sp. associated to T. semipenetrans

has been reported from different citrus growing

regions, worldwide. It sporulates in J2 and males

(motile stages), yielding 320–400 small endospores

(3.0–3.5 lm wide) per infected nematode, in less than

three weeks (Fattah et al. 1989; Ciancio and Roccuzzo

1992; Kaplan 1994; Sorribas et al. 2008).

Pasteuria penetrans and related species infect

juvenile nematodes and follow their life-cycle, sporu-

lating in adult females. By this way they allow infected

nematodes to feed on roots, a process that let the

nematode induce a severe histologic damage. The

Pasteuria spp. which kill the J2 and males, like the T.

semipenetrans-associated bacterium, yield instead a

more beneficial effect, because the infected nematodes

do not reach roots and no damage is produced.

However, due to host specificity and to maintain its

generations, these endoparasites must rely on some

unknown regulation mechanisms, allowing the per-

petuation of the host population by some J2 that,

reaching the roots, can reproduce. The J2-killing

Pasteuria spp. may either remove only a surplus

number of nematodes in soil (Stirling 2014), or depend

on other regulation mechanisms allowing persistence

of both host and parasite populations, through a

genetic race of the ‘‘Red Queen’’ type.

Studies on P. penetrans carried out in naturally

infested fields, with artificially-infected hosts or using

endospores produced in culturing media, and showed a

high biocontrol potential of the bacterium (Oostendorp

et al. 1991; Verdejo Lucas 1992; Ciancio and

Quénéhervé 2000; Debiré et al. 2007; Mateille et al.

2009; Luc et al. 2010). The use and application of

Pasteuria spp. as biocontrol agents require knowledge

on their field ecology and biology, because their

application is feasible today thanks to their culture in

artificial conditions (Luc et al. 2010). The cultivation

of Pasteuria spp. in fermentation units encourages

further studies on these bacteria. RKNs have been the

most common pests targeted in biocontrol assays with

P. penetrans (Oostendorp et al. 1991; Davies and

Redden 1997). Few data are available on other

Pasteuria spp., in particular concerning field ecology

and persistence in time of the bacteria and host

nematode populations (Verdejo Lucas 1992; Ciancio

1995; Ciancio and Quénéhervé 2000; Sorribas et al.

2000; Mateille et al. 2009). Although the presence of a

dose-response or density-dependent relationshipswere

reported for these parasites (Ciancio and Quénéhervé

2000), many factors sustaining host regulation and

biocontrol efficacy in nature remain to be determined

(Atibalentja et al. 1998; Mateille et al. 2009).

The aim of the present work was to investigate the

regulation of T. semipenetrans by the associated

Pasteuria sp. through samplings repeated in time

and space within a naturally infested field, to compare

population dynamics of the host and the bacterial

parasite. Long term observations on parasitism and

population dynamics showed a density-dependent

nematode regulation by the bacterium, providing data

on endospore soil density and on changes of preva-

lence levels during time, as affected by roots and

nematode abundance.

Materials and methods

Population dynamics study

Soil sampleswere collected in a citrus orchard at Racale

(39�58048.500N; 18�40300E), in the province of Lecce

(Italy), at regular monthly intervals from seven repli-

cated citrus trees. The plants, grafted on sour orange,

Citrus sinensis (L.) Osb. were naturally infested by a T.

semipenetrans population associated to the specific

small-sizePasteuria sp., thus far undescribed. Sampling

was carried out at an average depth of 10–20 cm under

each tree canopy, collecting three 0.5 l soil subsamples

with a few grams of roots, from sites at 120� each other,
at 40–60 cm from the trunk base.
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Motile stages of T. semipenetrans were extracted

using the Cobb’s sieving and decanting technique with

0.7 mm and 45–75 lm sieves. Mature females were

extracted from a few grams of roots after 20 s

maceration in a blender. Countings were performed

at950 with a Leitz Orthoplan light microscope using a

1 ml Hawksley counting chamber. At each counting,

approx. 45 specimens of T. semipenetrans J2 and

males were randomly picked up with an eye lash from

the suspension and examined at 9500 in light

microscopy on a temporary water mount. The vari-

ables measured were the percent nematodes with the

Pasteuria sp. endospores adhering to the cuticle, the

number of adhering endospores per nematode, and the

percent nematodes penetrated by germinating endo-

spores and/or infected (showing the parasite vegeta-

tive stages or endospores internally). The latter

percentage is indicated as prevalence. More than 800

T. semipenetrans females were also examined to check

for the presence of Pasteuria sp. stages adhering to

their cuticle or present within their bodies.

Vertical and spatial distribution studies

Vertical distribution of T. semipenetrans and Pas-

teuria sp. prevalence were studied in three replicated

trees, collecting soil (250 cc) at 0–10, 10–20 and

[20 cm depths from three sampling sites under each

tree canopy, with a 8 cm diam. core sampler. The

spatial spread of the host and parasite association was

also studied sampling at each month further trees

randomly chosen in the same field, by measuring the

nematode density and parasite prevalence as previ-

ously described. A first one-time spatial sampling

study was carried out in Nov. 1993 to provide data on

the host-parasite relationship. One-time spatial sam-

plings were used to demonstrate density-dependence

between other fungal antagonists or Pasteuria sp. and

host nematodes (Jaffee and McInnis 1991; Jaffee et al.

1992; Ciancio 1995). The basic assumption is that

collecting a sufficient number of samples at one single

moment, it can be possible to reconstruct the asyn-

chronous and cyclic host–parasite relationships (if

present). Each sample in fact accounts for a particular

host–parasite combination in their phases space,

which results in plotting density and prevalence data

of each observation from a time data series. For the

spatial sampling of T. semipenetrans, Taylor’s power

law was applied to determine the number of replicated

samples to collect, to get a 5 % standard error (SE) to

mean ratio for motile stage densities (McSorley et al.

1985). For this purpose the time series means and

variance were used, and 44 samples were collected.

The same field was sampled again 12 years later, in

January and July 2005, randomly collecting 44

samples from individual trees, to check long-term

effects of Pasteuria sp. on the host population and

possible biocontrol outcomes, the persistence of the

cyclic relationships between host and parasite and the

stability of the relationship, compared to the data from

the previous samplings.

Greenhouse test

An assay was performed to determine the effect of

plant fertilization on the changes of the T. semipene-

trans infestation and Pasteuria sp. prevalence, during

time. Plants of sour orange at the fourth leaf stage were

transplanted in soil from the first spatial sampling, used

for the initial nematode and Pasteuria sp. inocula. The

plants were maintained in 15 cm diam. plastic pots for

ten months in a greenhouse at 22–26 �C. The treat-

ments consisted in sequential fertilizer applications to

soil scheduled one, two, seven and nine months after

transplant, in six replicates with a 10–17–18 NPK

powder (Orvital, Settimo Milanese, Italy). At each

fertilization, a set of six plants was let unfertilized until

the end of the trial, in order to provide five different

treatments on a total of thirty plants, including plants

never fertilized as controls.

Statistical analysis and modeling

The spatial and time series data were used for

modelling the nematodes and Pasteuria relationship

with Anderson and May’s Model G (AM-G). The

model is based on parasite transmission and densities

of healthy and infected hosts, and yields the density of

the parasite propagules in soil (Anderson and May

1981; Jaffee et al. 1992). The AM-G model relies on

three equations, accounting for the numbers of healthy

(X) and infected hosts (Y), and the number of the

parasite free propagules (W), with total host popula-

tion H = X ? Y. The AM-G model uses eight

constants, that were derived from the parasite and

host reported biology (for values and dimensions see

Table 1).
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Results

Population dynamics and vertical distribution

studies

Motile nematode stages infected by Pasteuria sp. were

found at each monthly sampling, but no female showed

presence of vegetative stages or endospores of the

parasite. The density of T. semipenetrans motile stages

varied from 581 ± 187 (mean ± SE) to

13,986 ± 4121 nematodes per 100 cc of soil, with a

stable trend from April until November, a minor winter

increase and a dramatic ten-fold peak in late spring, in

the following year (Fig. 1a). Prevalence varied from

0.8 ± 0.6 to 14.0 ± 4.3 %, with a peak showing an

11-fold increase from April until July (Fig. 1a). Pas-

teuria sp. prevalence showed delayed alternating trends

similar (in scale) to those of the host population

densities, with low fluctuations following at a

2–3 month time lags the density changes of T. semipen-

etrans. The numbers of parasitized nematodes were

correlated with the previous densities recorded two

months earlier (r = 0.859, P\ 0.001, n = 13). Data

showed a recursive cyclic trend when plotted on their

phase space (Fig. 1b). Autocorrelation analysis of time

series data showed significant coefficients (P\ 0.05)

for nematode densities at one and five months time lags

(Fig. 1c).

The densities of adult females ranged from

294 ± 92 (Dec.) to 1208 ± 196 females per g of root

(April), with alternated fluctuations (Fig. 1d). The

total females were correlated with the densities of

motile stages of the same (r = 0.710, P\ 0.01,

n = 15) and preceeding (r = 0.644, P\ 0.02,

n = 14) months. The percentages of T. semipenetrans

with adhering Pasteuria sp. endospores were usually

higher than prevalence and varied from 3.4 ± 1.8 %

(Dec.) to 22.4 ± 4.7 % (July), with a final six-fold

increase in late spring (Fig. 2). The mean number of

endospores per infected nematode ranged from 1 to 3.5

during the winter period (Fig. 2). The maximum mean

endospore number per nematode varied from 1.3

(April) to 7.2 (August). The monthly prevalence levels

and the numbers of nematodes with adhering endo-

spores were correlated (r = 0.754, P\ 0.01, n = 15).

The mean monthly temperatures and rainfall data

for the field area and first sampling period are shown in

Fig. 3. When considering the time lag, the monthly

rainfall values were correlated to the total amounts of

roots per sample observed after two months

(r = 0.626, P\ 0.02, n = 15) and inversely corre-

lated to the densities of females (r = -0.564,

P\ 0.05, n = 15).

Sampling depths did not significantly affect the

range of densities for T. semipenetrans motile stages

and Pasteuria sp. prevalence or the numbers of

adhering endospores. However, female numbers at

10–20 and [20 cm depth were significantly higher

(P\ 0.05) than in top soil, whereas the nematodeswith

adhering endospores decreased from 10.9 ± 4.2 %

(top soil) to 2.9 ± 1.1 % ([20 cm deep soil).

Spatial distribution study and modelling

The densities of T. semipenetrans and prevalence by

Pasteuria sp. were measured on 44 samples randomly

Table 1 Constants and

initial variables applied for

the AM-G model cycle

applied to the Pasteuria sp.

and host nematode

Tylenchulus semipenetrans

spatial sampling data

Constant or

variable

Biological meaning Value

X0 Healthy hosts � 100 cc soil-1 1236.7

Y0 Infected hosts � 100 cc soil-1 31.3

H0 Total host population (X ? Y) 1268

W0 Pasteuria sp. endospores � 100 cc soil-1 5437

a Host birth rate (h-1) 0.005

b Host natural death rate (h-1) 0.0022

l Pasteuria sp. natural death rate (h-1) 0.001

a Pasteuria sp. induced mortality rate (h-1) 0.028

v Rate of host switch from infected to infectious (h-1) 2.75 � 10-7

c Host natural recovery rate (h-1) 0.0085

k Endospore production rate, per infected host (h-1) 0.01
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scattered in the citrus field. The mean number of

sedentary formswas 922 ± 117 (62–3716) females per

g of root, the mean density of motile stages was

4370 ± 539 (250–15,400) nematodes per 100 cc of

soil. Pasteuria sp. prevalence was 12.1 ± 0.8 %

(2.4–27.8), and the percentage of nematodes with

adhering endospores was 11.0 ± 9.2 % (0–41.6). The

densities of motile stages and females were correlated

(r = 0.573; P\ 0.001, n = 44).

An insight into thePasteuria sp. nematode regulation

cycle, including the estimation of the endospore num-

bers in soil, was provided by the model AM-G. When

soil nematode density and prevalence data from the first

spatial sampling were plotted on their phase spaces, the

observationswere includedwithin an area defined by the

AM-G cycle produced by the constant and initial density

values applied (Table 1, Fig. 4a). The AM-G model

showed an estimated number of Pasteuria sp. free

propagules in soil ranging in the order of 0.5–4.09 104

endospores per 100 cc of soil (Fig. 4b). The AM-G

model also allowed computation of the transmission

coefficient b = vk/l, whose value (2.3375 9 10-5)

was used to determine the threshold host density

Ht = (a?b?c)/b (Anderson and May 1981), corre-

sponding to 1720 nematodes per 100 cc of soil. This

density is the minimal number of nematodes required to

Fig. 1 Densities of T. semipenetrans and Pasteuria sp.

parasitism in a naturally infested field at Racale (Italy). Time

series (a) showing density changes of nematode motile stages

(dots) and prevalence (squares). Same data plotted on the

corresponding phase space (b), showing the counter-clockwise

cycle in time (arrows). Autocorrelations (c) of density (squares)

and prevalence (dots) data series (asterisks mark significant

correlations at P\ 0.05). Monthly density changes (d) of T.
semipenetrans females per g of roots (dots) and roots recovered

per samples (squares). Each observation is mean of seven

replicates. Vertical bar shows max SE
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maintain the Pasteuria sp. infection in the host popula-

tion. The model also allowed identification of the

equilibrium densities, at which host and parasite densi-

ties remain unchanged in time, corresponding to 3593

nematodes per 100 cc of soil and 1.56 9 104 propag-

ules per 100 cc of soil (Fig. 4b).

The nematode population and the associated Pas-

teuria sp. were still present 12 years after the first

sampling (Fig. 4c, d). In January 2005 the data from the

replicated spatial sampling showed a low prevalence

(3.1 ± 4.3 %, 0–15), as was the fraction of nematodes

with adhering endospores (11.8 ± 13 %, 0–30). The

mean number of spores per infected nematode was 0.8

(0–1.6, including nematodes with endospores inside).

The densities of T. semipenetrans motile stages were

below the Ht threshold value obtained from the previous

sampling, with 128.9 ± 26.3 nematodes per 100 cc of

soil (3.2–660). Theywere correlated to prevalence and to

the numbers of nematodes with adhering endospores

(r = 0.484 and 0.466, respectively; P\0.001, n = 44),

which were also correlated (r = 0.465; P\0.001,

n = 44). In July 2005 mean T. semipenetrans density

in soil increased to 268.7 ± 48 nematodes per 100 cc of

soil, with 72 ± 10 females per g of root (9.7–370).

Prevalence levels were higher than in January, with

17.9 ± 2.5 % of parasitized nematodes (0–45 %),

whereas the nematodes encumbered with endospores

were 9.7 ± 2.1 % (0–40 %), with a mean of 0.9 ± 0.2

(0–4.8) adhering endospores per infected nematode.

Greenhouse assay

No effect of fertilization on Pasteuria sp. prevalence

was observed among the treatments. The mean

differences between final and initial prevalence levels

ranged within±2.2 % (range:-18.8 to 26.5) and were

negatively correlated to the differences between final

and initial nematode densities (r = -0.452, P\ 0.05,

n = 30, motile stages) showing opposite trends. The

number of females per g of root and the densities of

motile stages were significantly higher in the control

pots, which also showed the highest fresh root weights

(Fig. 5a–c), whereas prevalence and numbers of

nematodes with endospores increased (Fig. 5d–f).

When considering the pooled observations, a relation-

ship was observed among the densities of females and

those of motile stages at the beginning and at the end

of the assay. The final percentages of parasitized

nematodes were correlated to the initial female

densities. A relationship was also observed between

the initial densities of motile stages and final preva-

lence or nematodes with endospores, and between

final prevalence and initial and final percent nema-

todes with adhering endospores (Table 2).

Discussion

Population dynamics and spatial sampling data

showed a cyclic, time-lagged density-dependent

Fig. 2 Time changes of the T. semipenetransmotile stages with

adhering Pasteuria sp. endospores (%, dots), and mean number

of spores per nematode (squares) as per Fig. 1. Each observation

is the mean of seven replicates. Vertical bar shows max SE

Fig. 3 Mean monthly temperatures (squares) and total rainfall

(dots) observed in the citrus field area during the first population

dynamics study (1991–1992). Vertical bar shows max SE
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relationship between T. semipenetrans and the asso-

ciated Pasteuria sp. The dramatic increase observed

for T. semipenetrans in summer 1992 derived by an

enhanced nematode reproduction, as shown by the

females increase a month earlier, likely related to the

increase of feeder roots in soil (Fig. 1 a, d). Prevalence

showed similar trends following the nematode density

increase with a 2–3 months time lag. In a classic

density-dependent relationship any increase of

parasite/predator is directly related to a higher host/

prey abundance previously encountered (Hassell

1978). This implements a feedback which mutually

links host and biological antagonist and that appeared

at work in the populations sampled (Fig. 1a).

The first spatial sampling confirmed the Pasteuria

regulating effect on T. semipenetrans, with host

abundance and prevalence grouped by the calculated

points of the AM-G model cycle applied. Due to the

Fig. 4 Relationship of T. semipenetrans densities (motile

stages) with Pasteuria sp. prevalence in a naturally infested

field, measured with spatial samplings. (a) First (1993) sampling

data, with the AM-G model cycle prevalence values calculated

using the constants and initial values shown in Table 1 (arrows

show the cycle direction). Densities of Pasteuria sp. endospores

and host nematodes in soil (b), calculated by the same model.

The calculated points, produced on a hourly time scale, form a

continuous cycle which allows the identification of the

equilibrium point (squares) and the host density threshold Ht

(vertical line). Second spatial sampling data for nematode

densities vs. prevalence (c) and nematodes with endospores (d),
in the same field, 12 years later, in January (dots) and July

(squares) 2005
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strict specificity and host dependence of Pasteuria

endoparasites, this relationship suggests that a mech-

anism of endospore removal from soil is needed to

avoid the build-up of durable propagules and host

infestation by endospores of different ages, or even

extinction. Factors affecting Pasteuria spp. endopores

persistance in soil have been identified, including

percolation (Dabiré et al. 2007; Mateille et al. 2009). It

is likely that they interact with roots abundance, as

suggested by the negative response of roots to

Fig. 5 Effect of the number of sequential fertilizer applications

on roots growth (a), densities of T. semipenetrans females

(b) and motile stages (c), Pasteuria sp. prevalence (d),

endospore infestations (e) and mean number of adhering

propagules per nematode (f) (means of six replicates; vertical

bars = SE)
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increasing fertilizer applications observed in the

greenhouse assay (Fig. 5a), and by the T. semipene-

trans preference for young feeder roots (Duncan and

Noling 1987). These factors affected the nematode

multiplication because increasing the number of

fertilizer applications the amounts of feeder roots

needed to sustain plant nutrition were lower. This

affected the number of females (Fig. 5b). The data

also showed an increase in prevalence, likely related to

an higher aggregation of nematodes in the reduced

root systems in the pots.

As shown by plotting the time series data on their

phase space, the nematode-parasite relationship was at

equilibrium during the first period of study (Fig. 1b).

First spatial sampling also showed that observations

were distributed around the equilibrium point identified

by the AM-G model and likely fluctuated around this

area in time. Plotting the regular model fluctuations in

time showed a three months out-of-phase time lag

between the two organisms, indicating that the entire

cycle of thePasteuria and T. semipenetrans populations

are completed within this period. The cycle amplitude,

however, depends on the initial system conditions

(nematode and propagule densities, data not shown).

When transposed to field conditions, this property

implies that endospore inoculations or, if available in

mass, inundative treatments will require, at the densities

observed, at least three months to affect T. semipene-

trans densities (equivalent to five Pasteuria genera-

tions). This period, however, may likely increase,

depending on temperatures, nematode numbers and

prevalence levels eventually achieved in the soil

microcosm after treatments.

The Pasteuria prevalence and host-parasite inter-

actions appeared controlled by a few basic biological

characters of the organisms involved. The parasite

persisted for a long time and after 12 years it was

associated to declining densities of T. semipenetrans.

Sampling data, however, suggest the interference of

additional factors. In 2005 both the nematode and

Pasteuria sp. populations were below their equilib-

rium values and all densities of T. semipenetrans were

under their Ht value (Fig. 4c). The latter is of major

significance for the persistence of infection, which was

in fact reduced. It was not possible to determine,

however, if the nematode density reduction was

affected by tree decline (less abundant feeder roots

were observed in 2005 due to poor tree maintenance),

indirectly lowering prevalence, or if the nematode

decline results by parasitism only.

The constants considered in the AM-G model

represent mechanisms at work in the real environ-

ment. Caution, however, is suggested in the use of

non-linear, complex models that are highly depen-

dent on small changes that affect cycles amplitudes

and final results (Gressel 2005). In nature, nematode

growth rates are not constant but are a function of

many variables including the population density,

food abundance and temperatures. The parasite

transmission and mortality rates are also affected

by physical variables like soil texture or water

content (Mateille et al. 2009). Introducing tempera-

ture functions in the model may increase its adher-

ence to real data, but it must be checked whether

either T. semipenetrans and Pasteuria spp. coevolved

towards the same optimal development temperatures,

Table 2 Pearson’s correlation coefficients among densities of T. semipenetrans stages and Pasteuria sp. parasitism, observed in the

greenhouse assay (n = 30, pooled observations)

FF IF FMS IMS IPRE IPO FPRE

IF -0.024

FMS 0.876*** 0.173

IMS -0.011 0.561** 0.055

IPRE -0.159 -0.014 -0.231 -0.208

IPO -0.099 0.393* -0.130 0.441* 0.212

FPRE -0.269 0.166 -0.294 0.209 0.350 0.651***

FPO -0.080 0.366 0.046 0.532** -0.235 0.604*** 0.464**

FF final females per g of root, IF initial females per g of root, FMS final motile stages per 100 cc of soil, IMS initial motile stages per

100 cc of soil, IPRE initial prevalence, IPO initial fraction (%) of nematodes with adhering endospores, FPRE final prevalence, FPO

final fraction (%) of nematodes with adhering endospores

Significance at P\ 0.05 (*), P\ 0.01 (**), and P\ 0.001 (***), respectively
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or if different optima are needed for parasitism and/

or nematode lifestages.

The counter-clockwise cycle of the AM-G model

plotted points (Fig. 5a, b) suggests that stochastic

fluctuations of host densities may affect the levels of

parasitism achieved after a given time lapse. At a

critical distance from the equilibrium, a temporary

host local extinction may occur if the satellite

approaches the prevalence axis. In these situations,

densities far below a single nematode per 100 cc of

soil are achieved, a level at which: (i) the host

population can be considered locally extinct and (ii)

Pasteuria remains in the microcosm as a durable

endospore, a trait that probably evolved for this

purpose.

The Pasteuria lifespan (1/l, ca. 46 days) corre-

sponds to its longevity in the host rather than as

endospore in soil (which is a suspended life state).

Other parameter applied from data by Kaplan (1994)

was the hourly rate of propagule production (1/k),
equal to 0.5 days required for production of one

endospore. It yields 282–423 endospores per nema-

tode, produced in a 24–36 h sporulation time, a value

fitting the number of propagules reported (Fattah et al.

1989; Kaplan 1994) and confirmed during this study

(data not shown).

In conclusion, the density-dependent relationship

and the long term persistence of the Pasteuria sp.

studied confirm its potential as an effective biocontrol

agent of the citrus nematode. Modelled data (Fig. 4b)

offer a quantitative basis for the development of a T.

semipenetrans management strategy through inunda-

tive endospore treatments at rates around 2–4 9 105

endospores per liter of soil, a perspective made

feasible today by the cultivation of these bacteria.
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