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Occurrence of Pasteuria-like Organisms on Selected
Plant-Parasitic Nematodes of Pineapple in the
Hawaiian Islands’

M. P. Ko,? E. C. BErNARD,? D. P. ScamirT,? aND B. S. SipEs?

Abstract: Soils from 320 sites representing diverse undisturbed habitats from five Hawaitan Islands
were assessed for occurrence of Pasteuria-like organisms. Mean annual rainfall at sites ranged from
125-350 cm, elevation from 69-2,286 m, and annual mean temperature from 12-24 C. Seven
different natural communities were represented: wet lowland, mesic lowland, wet montane, mesic
montane, dry montane, mesic subalpine, and dry alpine. Pasteuria spp. in a soil sample was detected
by baiting with infective stages of Helicotylenchus dihystera, Meloidogyne javanica, Pratylenchus brachyurus,
and Rotylenchulus reniformis, followed by cultivation of the nematodes on pineapple plants for 10-11
months. All nematode baits except R. reniformis were readily recovered from the soil samples. A
sample was considered Pasteuria-positive if at least 5% of the nematode specimens showed endospore
attachment. Thirteen percent of all samples were positive for Pasteuria-like organisms. The frequen-
cies of association between Pasteuria spp. and Meloidogyne, Helicotylenchus, or Pratylenchus species were
52%, 24%, and 24%, respectively. Positive samples were more prevalent on the older islands of Kauai
and Oahu (75%), in lowland communities (61%), and in areas with introduced vegetation (60%).
More than 27% of the positive samples were associated with plant species in a few selected families
that included Meliaceae and Myrtaceae. Occurrence of Pasteuria spp. seemed to be positively asso-
ciated with mean annual rainfall or temperature, but negatively associated with elevation.

Key words: bacterium, biological control, Hawaiian Islands, Helicotylenchus, Meloidogyne, microbial
ecology, native vegetation, natural community, Pasteuria, pineapple, plant-parasitic nematode, Pra-
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Species of the genus Pasteuria (Thorne)
Sayre & Starr are obligate endoparasites
and pathogens of plant-parasitic nema-
todes (7,9,18,26,28,29). These parasites,
which are among the most promising bio-
logical control agents (4,27,34), have been
recorded in many countries worldwide
(27,37). However, almost all have been
found incidentally in cultivated soils dur-
ing routine sampling or diagnostics. Only a
tew deliberate surveys of the parasite have
been reported (12,30,35,41). Surveys of
the parasites in citrus groves in Florida
(41) and pineapple fields in Hawail (M.
Ko, per. obs.) have yielded only one iso-
late, or none at all. In contrast, the Pas-
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teuria spp. was found in every turfgrass
field sampled in southern Florida (12). In
similar surveys in South Africa, Pasteuria
spp. occurred in 34% of 74 sugarcane
fields sampled (30). The bacteria were
found to be widespread when sampled in
South Australian vineyards (35). In the lat-
ter two cases, the incidence of Pasteuria was
much greater in older fields (i.e., >10
years of production in Australian vine-
yards) than in young ones. This provides
some evidence that the parasites might be
present initially in new and previously un-
disturbed fields at a low level but require
time to build up to a detectable level, fol-
lowing an increase in population densities
of the nematode host. Thus, the chance of
detecting Pasteuria spp. in a soil sample
would be similarly increased if nematode
baits were incubated in the soil for a pro-
longed period with a plant host. Such strat-
egy may be exploited to examine the dis-
tribution of Pasteuria spp. in undisturbed
natural areas, where population density of
individual nematode species is likely to be
low (21).

The study of natural distributions of
Pasteuria spp. may lead to identifying the
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ecological determinants necessary for es-
tablishment, multiplication, and spread of
Pasteuria spp. It may also uncover new iso-
lates of diverse genetic bases to supple-
ment those currently available. The latter
aspect is particularly important because bi-
ological control of plant-parasitic nema-
todes with Pasteuria spp. is unlikely to suc-
ceed unless populations of Pasteuria spp.
with broad host specificity can be deployed
(8,10,34). Hawaiian Islands, with its di-
verse ecological habitats within a short dis-
tance and hence its richness in biodiversity
(5,36), are likely places for uncovering new
strains of the bacteria. Local Pasteuria iso-
lates, if found, could serve as non-exotic
biological control agents to manage plant-
parasitic nematodes, which are serious
pests in pineapple and other crop produc-
tion in Hawaii (6).

"The objectives of this study were to assess
the occurrence of Pasteuria spp. in undis-
turbed areas in the Hawaiian Islands, and
to relate their distribution to environmen-
tal factors such as vegetation, elevation,
temperature, and rainfall,

MATERIALS AND METHODS

Collection of soil samples: Stratified ran-
dom soil sampling was used to sample di-
verse undisturbed sites from a range of el-
evation, rainfall, temperature, and native
vegetation communities (Table 1). A total
of 320 sites from 17 native trails or regions
on five major Hawaiian Islands (Kauai,
Oahu, Maui, Molokai, and Hawail) were
sampled during July and August 1991. At
each site, 10 random samples (each consist-
ing of 2 cores) were taken over an area of
approximately 5 m? to give about 1,000
cm?® of soil. Each core, including soil and
duff, was collected 15 cm deep with a stan-
dard soil sampling tube (2-cm-d Oakfield
tube). The samples were placed in a plastic
bag and mixed to produce one composite
sample per site. Site location and associ-
ated vegetation were recorded and desig-
nated as endemic, indigenous, or natural-
ized according to Wagner (40). Annual
temperature and rainfall were estimated

from the nearest weather stations (11,20);

elevation and biogeoclimatic zones were
derived from either topographic (38) or
vegetation (25) maps. Nematodes, in an al-
iquot of 200 cm® soil, were extracted by
elutriation, fixed in formalin, dehydrated,
and mounted in glycerol for species iden-
tification to characterize the native nema-
tode fauna (2). Additional aliquots of 25
cm?® and 250 cm?® soil were bioassayed for
the presence of Pasteuria spp. with nema-
tode baits as described in the following sec-
tion.

Nematode bait bioassays: Helicotylenchus di-
hystera (Cobb) Sher, Meloidogyne javanica
(Treub) Chitwood, Pratylenchus brachyurus
(Godfrey) Filipjev & Schuurmans Stek-
hoven, and Rotylenchulus reniformis Linford
& Oliveira were chosen as baits because of
their economic importance and wide dis-
tribution in the Hawaiian Islands (6). Orig-
inal populations of these nematodes were
collected from pineapple fields on the is-
land of Oahu. The nematodes were cul-
tured in the greenhouse for 3-5 months
before being used as baits in these ex-
periments. Helicotylenchus dihystera and
P. brachyurus were reared on pineapple
(Ananas comosus (L.) Merr. cv. Smooth Cay-
enne); M. javanica and R. reniformis were
cultured on tomato (Lycopersicon esculentum
Mill. cv. Rutgers) or cowpea (Vigna unguic-
ulata L. cv. Purple Hull). Juveniles and
adults of Helicotylenchus dihystera and P.
brachyurus were obtained from infested soil
in these cultures by wet sieving and cen-
trifugal flotation (15). Eggs of M. javanica
and R. reniformis were harvested from to-
mato or cowpea roots with sodium hy-
pochlorite (14) and placed on a 38-pm
pore sieve (layered with a double sheet of
tissue paper) in a shallow dish of water at
25-28 C for 3-5 days. Juveniles that had
hatched and migrated through the sieve
were collected and examined to ensure
that they were free of Pasteuria before be-
ing used as baits. For the bioassay, pineap-
ple plants (seedlings) free of nematodes
and Pasteuria were obtained using a modi-
fied stem segment technique (16): Stem
segments (5—10 cm) of ratooning pineap-



TabBLe 1. Location, climate, elevation, and vegetation of sampling sites for Pasteuria spp. in the Hawaiian Islands during Summer 1991.
Island (no. Rainfal?  Elevation® Temp.© Natural
samples) Trail Location cm m C community? Vegetation®
Oahu Puu Ohia Tantalus 300 349 22.7 Wet lowland Shrubs and closed forest
71) Manoa CIiff Tantalus 300 427 22.7 Wet lowland Shrubs and closed forest
Moleka Tantalus 300 244 22.7 Wet lowland Open forest and shrubs
Aiea Loop Aiea Heights 350 366 227  Wet lowland Closed forest
Waiahole Waiahole 250 69 23.7  Wet lowland Shrubs and closed forest
Opacuka Stream  Opaeuka 125 183 21.7  Mesic lowland Shrubs and closed forest
Wahiawa Wahiawa 125 305 22.7 Mesic lowland Shrubs and closed forest
Kauai Pihea Napali-Kona Forest Reserve 175 1,067 15.0 Mesic montane  Mixed open forest
(22) Alakai Napali-Kona Forest Reserve 200 1,158 15.0 Mesic montane  Mixed closed forest
Maui Halemauu Haleakala National Park 125 2,286 12.4 Mesic subalpine  Upland open shrubland
(65) Hosmer Grove Haleakala National Park 125 2,085 12.4 Mesic subalpine  Upland open shrubland
Maile Waikamoi Preserve 125 1,372 15.7 Mesic montane  Open forest and shrubland
Molokai Pepeopae Kamakou Preserve 250 1,219 21.9  Wet montane Closed forest
37)
Hawaii Manua Loa Volcano National Park 70 2,439 7.9  Dry alpine Mainly upland open shrubland
(56) Kipuka Ki Volcano National Park 113 1,295 16.7 Dry montane Open forest and shrubs
Olaa Forest Olaa Forest Preserve 318 1,097 16.7 Wet montane Open forest
Kilauea Crater Volcano National Park 113 1,158 16.7 Dry montane Open forest and shrubs

2 From reference 11.
® From reference 38.
¢ From reference 20, 42.

4 From reference 25: Wet = >250 cm, mesic = 125-250 cm, dry = <125 cm rainfall/year; lowland = <1,000, montane = 1,000-2,000, subalpine = 2,000-2,800 alpine
= >2.800 m in altitude; closed forest = >60% trees, open forest = 25-60% trees, woodland = <25% trces-shrubs-grasses, parkland = forest patches, shrubland = woody
shrubs, grassland = grasses-scdges-rushes.
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ple plant were surface-sterilized for 10-
15 minutes in a 1:2:7 mixture of 95% al-
cohol, 5.25% NaQCl, and distilled water,
and then planted in sterile coarse sand in
15-cm-d clay pots (four segments/pot);
sprouting pineapple suckers (5—7 cm long)
with roots were selected for use after 2.5 to
4 months of growth in a 25-36 C green-
house.

The incidence of Pasteuria spp. was as-
sessed within a week of sampling using the
following two methods: i) Approximately
2,000 vermiform stages each of H. dihys-
tera, M. javanica, P. brachyurus, and R. reni-
formis mixed in 2 ml of water were added
to petri dishes containing 25-cm? aliquot of
soil. The dishes were incubated at 30 C for
48 hours (32) before the nematodes were
extracted by shaking soil in water, decant-
ing through a 38-pm sieve, and centri-
fuging the residue on the sieve in sugar
solution (484 g/liter). The number of
nematodes with endospores attached was
counted in a sample containing 225-300
nematodes (approximately 75 of each
nematode bait); ii) another aliquot of soil
(250 cm?) from each sample was placed in
7.5-cm-d clay pot and baited with a combi-
nation of 2,000 infective stages each of the
same nematodes. Rooted pineapple suck-
ers were transplanted to the pots at the
same time. Pineapple suckers growing in
steam-sterilized soil (Wahiawa silty clay)
contained in similar pots were used as Pas-
teuria-negative controls (1 control for every
15 soil samples). After a growth period of
10-11 months in a 25-36 C greenhouse,
plants were topped and roots gently
shaken to remove the bulk soil without
loosening the rhizosphere soil (soil still ad-
hering to roots). Roots from each sample
were placed on a 150-pm-pore sieve
nested over a 20-pm-pore screen, and
nematodes were dislodged from rhizo-
sphere and rhizoplane with a pressurized
water-jet spray. Nematodes caught on the
bottom screen were separated from debris
with centrifugal flotation (15) and then ex-
amined for Pasteuria attachment with the
aid of an inverted microscope (X200). A

sample was considered Pasteuria-positive if
a'random sample of 100 nematodes had
more than five individuals whose cuticles
were laden with at least five Pasteuria-
endospores. Such a stringent criterion was
set to minimize false positives, where an
endospore-like protuberance on a nema-
tode body might be merely an aberrant
growth (19). However, during the course
of the experiment, only one sample fell
into the 1-4 endospores attachment cate-
gory among the ones containing nema-
todes with endospore attachments.

Experimental design and statistical analyss:
Pots for the bioassay were arranged ran-
domly on a greenhouse bench. Of the 320
samples, only 251 provided data that could
be analyzed. Data with nominal {(categori-
cal) or ordinal variables were subjected to
analysis by Chi-square test, and data with
interval variables were subjected to analy-
sis by ANOVA. Values were assigned to
the ordinal variables in the following man-
ner: i) Vegetation: endemic = 1, indige-
nous = 2, naturalized = 3; ii) age of the
islands (from oldest to youngest (5)): Kauai
= 5, Oahu = 4, Molokai = 3, Maui = 2,
Hawaii = 1; and iii) natural community
zones (25): wet lowland = 1, mesic lowland
= 2, wet montane = 3, mesic montane =
4, dry montane = 5, mesic subalpine = 6,
and dry alpine = 7. Cramer’s V for nom-
inal variables, Goodman and Kruskal’s
Gamma, and Somers’ d for ordinal vari-
ables were then calculated to measure the
strength of the association based on the x?
or concordant and discordant pairs (22).
All analyses were done with the aid of
SPSS™ (31).

REsuLTs

Distribution of Pasteuria spp. on nematode
baits: Bioassay of incubating nematode
baits directly in soil samples for 48 hours
(Method 1) did not yvield one nematode
with endospores attached. Therefore, as-
sessment of Pasteuria incidence was based
solely on the bioassay with pineapple
plants (Method 2). After 10-11 months,
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only 251 out of the 320 samples were re-
coverable because of inadequate soil sam-
ples or death of some plants during the
lengthy bioassay period. The nematode
baits M. javanica, P. brachyurus, and(or) H.
dihystera were recovered from 94% of the
samples and all of the Pasteuria-negative
controls. Rotylenchulus reniformis was recov-
ered from only 0.25% of the samples and
0.5% of the controls. Nematode baits were
absent in 5.6% of the samples. Among the
samples and controls where the nematode
baits could be recovered, Meloidogyne was
generally the dominant nematode species
(60.5%), followed by Helicotylenchus
(25.1%) and Pratylenchus (14.4%). Of 251
samples, 33 (13%) met the Pasteuria-
positive criterion. Only one sample failed
the criterion test but had three H. dihystera
females with two endospores attached. No
endospore attachment was observed on
any of the nematodes in the negative con-
trols. Among the positive samples, 51.5%
occurred with M. javanica, 24.2% with P.
brachyurus, and 24.2% with H. dihystera. En-
dospore attachment generally was limited
to one species of nematode per sample; in
only two samples was attachment observed

Fic. 1.

on more than one species of nematode.
Endospore attachment on the nematode
appeared as a raised refractile circular
protuberance on the cuticle. Regardless of
bait species, endospores adhered to the
host along the entire length of the nema-
tode cuticle, although more spores ad-
hered to the cephalic region (Fig. 1).

The nematode fauna observed at test
sites included plant-parasitic nematodes
Xiphinema spp., Helicotylenchus spp.,
Criconema spp., Paratylenchus spp., and
Prismatolaimus spp., none of which were
observed to be parasitized by Pasteuria spp.
Other nematodes in many orders, includ-
ing Mononchida, Tylenchida, Cephalo-
bida, and Dorylaimida, were also found
but none were noted to have Pasteuria en-
dospores attached.

Distribution of samples and Pasteuria-
positive samples with respect to island location:
Most Pasteuria-positive samples were
found on Oahu and the smallest number
on the island of Hawaii (Fig. 2). The older
islands of Kauai and Oahu yielded 37% of
all samples but 75% of the Pasteuria-
positive samples (Fig. 3A). On the other
hand, the younger islands of Maui and Ha-

D

Appearances of plant-parasitic nematodes infected with Pasteuria spp. A) A female of Helicotylenchus

spp. B) A second-stage juvenile of Meloidogyne javanica. C) An endospore-laden juvenile of M. javanica. D) A

female of Pratylenchus spp.
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Fic. 2. Distribution of naturally occurring Pasteuria spp. in the major Hawaiian Islands. A) Kauai. B) Oahu.

C) Maui. D) Hawaii. E) Molokai and Lanai.

waii provided 48% of all samples but only
9% of the positive samples (Fig. 3A). Thus,
the distribution of Pasteuria relative to is-
land age was not an independent event (x*:
P < 0.001).

Distribution of Pasteuria spp. with respect to
natural community: Samples from lowlands
were 28.3% of all samples collected; yet
more than 60% of the positive samples
with Pasteuria were from these areas (Fig.
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Fic. 3. Distribution of Pasteuria spp. with respect to island location (A) and natural community zones (B).
All samples: distribution (%) = no. of samples (regardless of positive or negative for Pasteuria) taken from a
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or zones X 100%. Pasteuria-positive samples: distribution (%) =

no. of samples positive for Pasteuria found in

a specific location or zone/total no. of samples positive for Pasteuria in all locations or zones X 100%.

3B). In contrast, 23% of the samples were
from subalpine and alpine regions but
only 3% of the Pasteuria-positive samples
came from these regions. The remainder
of the samples (49%) were collected from
the montane zones, representing 36% of
the Pasteuria-positive samples (Fig. 3B).
Thus, the association of Pasteuria spp. with
a specific natural community was also not
random (x%: P < 0.001).

Distribution of Pasteuria spp. with respect to
mean annual temperature, vainfall, and eleva-
tion: Pasteuria spp. occurred more often in
moist—wet rather than dry areas. About
50% of all samples were collected from ar-
eas with more than 150 cm annual rainfall,
and these samples contained more than
82% of the Pasteuria-positive samples. The
remaining 50% were taken from areas
with less than 150 cm annual rainfall, and
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Fic. 4. Distribution of Pasteuria spp. with respect to (A) mean annual rainfall, (B) mean annual tempera-
wre, and (C) elevation. All samples: distribution (%) = no. of samples (regardless of positive or negative for
Pasteuria) taken from an area with a specific rainfall, temperature, or elevation/total no. of samples (regardless
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= no. of samples positive for Pasteuria from an area with specific rainfall, temperature, or temperature/total
no. of samples positive for Pasteuria from all areas X 100%.
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TasLe 2. Geoclimatic characteristics of 33 Pasteuria-positive sampling sites.
Statistics
Range at
Geoclimatic parameter Mean = SD Median sampling sites Statewide range®
Annual rainfall (cm) 244.5 + 74.2 250 125-350 <25 to >1,000
Annual temperature (C) 20.6 = 3.6 21.9 12.4-23.7 <6.11t023.9
Elevation (m) 666.8 + 538.2 427 69-2286 <0 to >4,200

2 From reference 42,

these samples contained only 18% of the
Pasteuria-positive samples (Fig. 4B).

Pasteuria spp. was not found in areas
with temperatures lower than 10 C (mean
annual temperature), which comprised
11% of all samples; most positive samples
(76 %) were found in areas where mean an-
nual temperature was higher than 21 C,
which constituted 43% of all samples (Fig.
4A). The intermediate temperature zone
of 10-21 C comprised 45% of all samples
but only 24% of the positive samples (Fig.
4A).

Pasteuria spp. was more prevalent below
900 m than at higher elevations (Fig. 4C).
The former had 61% of positive samples
with only a 28% share of all samples. The
elevation zones higher than 1,500 m con-
tained less than 3% of the positive samples
with a 23% share of all samples. Again, the
association of Pasteuria incidence with tem-
perature, rainfall, or elevation was not ran-
dom (x*: P < 0.001).

The geoclimatic characteristics of the 33
positive sites are averaged in Table 2. The
median annual rainfall of 250 cm at the
positive sites is considered relatively mod-

TasLe 3. Origins of observed vegetation associ-
ated with 251 sites sampled for Pasteuria spp. in the
Hawaiian Islands.

Distribution (%)

Original

source® Kauai Oabhu Molokai Maui Hawaii
Endemic 789 28.8 75.0 75.0 784
Indigenous  10.5 227 83 125 176
Naturalized 10.5 485 16.7 12.5 3.9

2 Endemic = native plants before the arrival of the Poly-
nesians; indigenous = plants introduced by the Polynesians;
naturalized = plants introduced after the European discov-
ery of the Hawaiian Islands (40).

erate in a state with a range of less than 25
to more than 1,000 cm annually; and the’
median elevation of 427 m is considered
relatively low in a state where elevation
ranged from below sea-level to 4,200 m (at
the summit area of Mauna Kea). Maxi-
mum rainfall occurred between 600 and
1,800 m in elevation (42). The median
temperature of 22 C at the positive sites is
near the upper end of the annual mean
range of 6-24 C throughout the state (Ta-
ble 2).

Distribution of Pasteuria spp. with respect to
vegetation. Endemic plant species consti-
tuted more than 75% of the vegetation as-
sociated with the sampling sites on Kauai,
Molokai, Maui, or Hawaii (Table 3).
Nearly 2.5 times as many introduced (in-
digenous and naturalized) species as en-
demic species were found in sampling sites
on the most populous island, Oahu. On
QOahu, endemic species were associated
(not exclusively) with 29% of all sampling
sites and 25% of the positive sites; intro-
duced species were associated with 71% of
all sampling sites and 75% of the positive
sites (Table 4). The association of Pasteuria
incidence and origin of vegetation on
Oahu was a random (independent) event
(x*: P < 0.001). However, when sampling
sites from all islands were considered, in-
troduced species were associated with 37%
of all sampling sites but 59% of the positive
sites; endemic species shared 63% of the
sampling sites but 41% of the positive sites
(Table 4). The association of Pasteuria in-
cidence and vegetation in this case is not
random (x%: P < 0.001).

Table 5 lists some of the botanical fami-
lies most often encountered at the positive
sampling sites. Although 27% of the plants
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TABLE 4.
islands.

Distribution of Pasteuria spp. with respect to origins of associated vegetation on Oahu and all the

Distribution on Oahu (%)

Distribution on all islands (%)

Plant origin? All samples®

Pasteurig-positive samples®

All samples® Pasteuria-positive samples®

Endemic 28.8 25
Indigenous 22.7 10
Naturalized 48.5 65

62.7 40.6
15.8 18.7
21.5 40.7

? Endemoc = native plants before the arrival of the Polynesians; indigenous = plants introduced by the Polynesians;
naturalized = plants introduced after the European discovery of the Hawaiian Islands (40).
* Distribution for “all samples” (%) = no. of endemic, indigenous, or naturalized plants at all sampling sites/total no. of

plants at all sampling sites X 100%.

¢ Distribution for “Pasteuria-positive samples” (%) = no. of endemic, indigenous, or naturalized plants at Pasteuria-positive

sites/total no. of plants at Pasteuria-positive sites X 100%.

belonging to these botanical families were
encountered in all sampling sites, 2.4 times
as many of them (64%) were encountered
at the positive sites. Pasteuria incidence
therefore seemed to be preferably associ-
ated with member species of these families
(x2: P < 0.001). Plants in Myrtaceae (e.g.,
Eucalytus spp.) and Fabaceae (e.g., Acacia
koa) were among the most frequently ob-
served at the positive sampling sites. Both
endemic and introduced species were ob-
served within the families. Moss, fern, and
litter beds were also included in the sam-
pling sites, but Pasteuria spp. was associ-
ated with only a few of them, constituting

TasLe 5. Frequency of occurrence of selected
botanical families associated with Pasteuria-positive
soil samples.

Distribution (%)

Pasteuria-positive

Botanical family All samples® samples®
Myrtaceae 10.4 21.2
Fabaceae 10.0 15.2
Malvaceae 0.8 6.1
Meliaceae 1.2 6.0
Anacardiaceae 0.4 3.0
Apocynaceae 0.4 3.0
Urticaceae 0.4 3.0
Cyperaceae 1.2 3.0
Liliaceae 2.0 3.0

# Distribution for “all samples” (%) = no. of plants belong-
ing to a specific botanical family at all sampling sites/total
no.of plants at all sampling sites X 100%.

® Distribution for “Pasteuria-positive samples” (%) = no. of
plants belonging to a specific botanical family at Pasteurio-
positive sites/total no. of plants at Pasteuria-positive sites X
100%.

an insignificant share of the positive sam-
ples.

Strength of association of Pasteuria incidence
and the selected biogeoclimatic parameters: Ta-
bie 6 lists some statistical coefficients relat-
ing the occurrence of Pasteuria to biogeo-
climatic factors. According to Cramer’s V,
the association of Pasteuria incidence and
various geoclimatic factors was rather
weak but equal in magnitude. Somers’ d
and Gamma indicate a positive association
between Pasteuria occurrence and annual
rainfall, temperature, origin of vegetation,
or age of the islands; the coefficients also
reveal a negative association between Pas-
teuria incidence and natural community
zones or elevation at the sampling sites.
Somers’ d values calculated using Pasteuria
incidence as an independent variable were
higher than the values calculated using
Pasteuria incidence as a dependent valu-
able (Table 6). This may mean that a Pas-
teuria-positive sampling site was likely to be
associated with a naturalized vegetation in
the lowlands on Kauai or Oahu, where av-
erage conditions were warm and moder-
ately wet. However, a site with such condi-
tions might have less likelihood of being
Pasteuria-positive.

DiscussioN

A Pasteurig-like organism was first dis-
covered by Cobb in 1904 in Hawaii on a
free-living nematode Dorylaimus bulbiferous
(8). Despite reports of presence worldwide
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TABLE 6.

Degree of association of Pasteuria spp. with island location, origin of associated vegetation,

natural community, rainfall, temperature, and elevation of sampling sites.

Degree of association

Somers’ d®

Biogeoclimatic parameter Cramer’s V? Symmetric Dependent® Independent® Gamma®
Island location®

(age of the islands) 0.333 0.232 0.15 0.509 0.637
Origin of vegetation®

(endemic to naturalized) 0.203 0.177 0.128 0.285 0.454
Natural communilyr

(wet-low to dry-high) 0.320 -0.215 —-0.137 —0.497 —0.600
Annual rainfall (cm) 0.327 0.206 0.141 0.384 0.537
Annual temperature (C) 0.348 0.208 0.132 0.494 0.625
Elevation (m) 0.376 —-0.224 -0.149 —~0.605 —-0.605

#On a scale of 0 to 1: 0 = no association, 1 = highest association (22).
®Onascale of —1to +1: 0 = no relationship, — 1 = perfect negative relationship, + 1 = perfect positive relationship (22).
¢ Dependent = Pasteuria incidence as a dependent variable; independent = Pasteuria incidence as an independent variable

(22).

9 Age of island: Kauai = 5, Oahu = 4, Molokai = 3, Maui = 2, Hawaii = 1 (5).

€ Ordinal values assigned to origin of vegetation: endemic = 1, indigenous = 2, naturalized = 3.

£ Ordinal values assigned to natural plant community: Wet lowland = 1, mesic lowland = 2, wet montane = 3, mesic
montane = 4, dry montane = 5, mesic subalpine = 6, dry alpine = 7 (25).

since then, it has not been further re-
ported in Hawaii on any nematode until
this survey. Although we used endospore
attachment as the only criterion in our bio-
assay and proof of bacterial endospore
germination, penetration, and completion
of life-cycle on a nematode host have yet to
be undertaken, the characteristic refractile
protuberance on the nematode cuticles in-
dicate the bacteria’s wide distribution in
the lowland, warm-temperature, and moist
areas of the Hawaiian Islands. The use of
attachment of endospores to the nematode
cuticles, despite the limitation that at-
tached endospores might not germinate
and penetrate (33), is the simplest means
available to detect the presence of Pas-
teuria. It has been used to study host range
(13,34) and the population dynamics of
root-knot nematode-Pasteuria interactions
under field conditions in several laborato-
ries (18,23,24,39).

Initially in our study, bioassays of incu-
bating nematode baits with aliquot of soil
samples for 48 hours as described by Ster-
ling (32) yielded no Pasteuria endospore-
attached nematodes. Thus, the lengthy but
low-maintenance pineapple plant bioassay
was devised, with nematodes as bait for the
bacteria. The inoculum potential of Pas-

teuria spp. endospores probably was low in
the field as population density of a suitable
nematode host(s) in natural areas was also
low (21); consequently, a lengthy incuba-
tion period of the soil with nematode baits
on a plant host was necessary to increase
the chance of detection. The warm green-
house temperature (which, during the
summer months, reached as high as 36 C)
also favored the multiplication of the bac-
teria on the nematode host (32). The ab-
sence of endospore attachment to any
nematodes in the Pasteuria-negative con-
trols eliminates the possibilities that the ob-
servations were contaminations from the
greenhouse.

Pasteuria spp. was found in all nema-
tode-bait types except one (R. reniformis).
Isolates from Meloidogyne spp. were the
most prevalent, in agreement with the fact
that Pasteuria spp. on Meloidogyne spp. is
the most widely distributed (27). The near
absence of reniform nematode at the end
of the bioassay indicates that either it was a
weak competitor with the other bait nema-
todes or growth conditions in the green-
house were not conducive to its multiplica-
tion during the incubation period. M. ja-
vanica has been shown to displace R.
reniformis in pineapple fields as production
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practices have changed (6). The possibility
that R. reniformis was completely elimi-
nated by Pasteuria spp. or other biological
control agents in the samples were un-
likely, since no biological agent of nema-
todes, including Pasteuria spp., has been
shown to completely exterminate its hosts.
In any case, the near absence of reniform
nematodes in the controls also indicates
factor(s) other than Pasteuria was the cul-
prit. Therefore, the existence of an isolate
of Pasteuria parasitic on R. reniformis in Ha-
walii is still not known, although one with
such host preference for closely related
nematode genera has been reported (27).
Separating the nematode baits for the bio-
assay may be necessary in similar future
studies. The identity, taxonomic, morpho-
logical, and physiological status of these
Hawaiian isolates of Pasteuria spp., and
their potential for biological control of
nematodes, were not evaluated, but acces-
sion numbers were given to each isolate for
future reference.

Pasteuria-positive sites were found
mostly on the islands of Oahu and Kauai
(oldest members of the island chain), and
only a few were found in the islands of
Hawaii or Maui (youngest members of the
island chain (5)), with numbers in Molokai
being intermediate. Plant-parasitic nema-
tode species diversity in native vegeta-
tion was also greatest on the oldest island
of Kauai (15 species) and lowest on the
youngest island of Hawaii (five species) (2),
an indication that distribution of Pasteuria
spp. may be related to the distribution of
their natural hosts. However, it 1s not cer-
tain from this study whether the distribu-
tion in the islands can be attributed to the
age of the islands rather than to the bio-
geoclimatic zones, since all sampling sites
involved only lowland communities in the
older islands and subalpine or alpine com-
munities in the younger islands. It is clear,
however, that the distribution of various
Pasteuria strains was stratified by moisture,
temperature, and elevation. Pasteuria isola-
tion was positively correlated with mean
annual temperature and moisture, but
negatively associated with elevation. It was

also moderately associated with introduced
vegetation and lowland communities.
Again, this may be related to the distribu-
tion of natural nematode hosts, which also
is dependent on the distribution of specific
plants. Temperature and rainfall may be
the two primary factors determining the
distribution of Pasteuria, since elevation ex-
erts effects indirectly through its influence
on these two factors in Hawaii (42). Tem-
perature and rainfall not only affect vege-
tation and soil, but also may have direct
effects on Pasteuria spp. Temperature in-
fluences P. penetrans parasitism of M. ja-
vanica (32) and is implicated in eliciting the
resurgence of Pasteuria spp. in soil solar-
ization experiments to suppress plant-
parasitic nematodes (17). Rainfall or per-
colating water may facilitate the dispersal
of the bacterial endospores (23). The ob-
servation that P. penetrans was more fre-
quently found in sand and loamy sand
than in other soil types in sugarcane fields
(30) may in part be explained by better wa-
ter percolation in the former soils. Other
factors, such as soil texture, salinity, pH,
organic content, and native nematode
fauna, may also influence distribution pat-
terns and should be evaluated in future
studies.

Ot the 33 positive sites, no natural
nematode host was detected for the Pas-
teuria spp., raising serious questions about
its ecological role in natural Hawaiian
plant communities. Sampling was con-
ducted during the relatively dry and host
months of the summer, when nematode
population densities were likely to be at
their lowest in the Hawaiian Islands (43).
Therefore, natural nematode hosts may
have been present but their numbers may
have been depressed by the parasites as
well as by the season, thereby escaping de-
tection. Alternatively, the natural nema-
tode hosts for Pasteuria at the sampling
sites may not belong to the same genera as
the bait nematode species. The bait nema-
tode species may have selected only those
isolates of Pasteuria that could use them as
alternative hosts. Other Pasteuria isolates
could be present at the sampling sites but
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not be detected by our bioassay. In any
case, the isolates detected were initially
present at low density and thus required a
lengthy incubation period for detection. A
particular population of P. penetrans con-
sists of a heterogeneous group of isolates
(10,28,34). Further studies are required to
ascertain the ecological distribution of Pas-
teuria spp. in the natural environment and
the role played there. Such studies will not
only add more genetic diversity of the bac-
teria to the current collection of available
Pasteuria isolates but also clarify the cli-
matic, edaphic, and biological factors af-
fecting their distribution. This informa-
tion is important to the successful intro-
duction and establishment of a Pasteuria
spp- and to the management of resident
species to control plant-parasitic nema-
todes.

The origin of Pasteuria spp. in the Ha-
waiian Islands is unclear. The restricted
distribution of the bacteria in older islands
indicates an ancient presence. On the
other hand, the strong association of the
bacteria with the most populous island and
with introduced vegetation indicates his-
torical presence. The Hawaiian isolates
may have been inadvertently introduced
during the immigration of Polynesians and
Europeans, probably in soil introduced
with exotic plants, farm implements, or
ships’ ballast, as speculated by Akhurst and
Bedding (1) for nematodes introduced
into Australia. Another possibility is that
distinct indigenous isolates also exist, as in-
dicated by the existence of isolates found
in more remote parts of the islands among
endemic plants. Future characterization of
these isolates with DNA technology may
resolve this issue.
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