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Nosema apis spore hatching was examined in diffevent salt
solutions. Besi results were obtained in 0.5 M NaCl + 0.5 m
NaHCO; at pH 6. No differences could be delected between
sodium and potassium salts. The differences in eflicacy be-
tween monovalent aniens were more obvious, and a rank
order could be formed: C1~ > Br™ > F~ > I~. The carbohy-
drate content of ungerminated and germinated spores was
measured hy GC-MS analysis. Only a very small shift in the
ratio aa-trehalose/D-glucose was found. Scanning electron
microscopy of extruded spores was done. No convincing im-
ages of released sporoplasms were oblained. @ 1991 Academic
Press, Inc.
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nation; in vitre; trehalose.

INTRODUCTION

Nosema apis (Microspora: Nosematidae) is a cosmo-
politan economically important parasite of the honey
bee (Apis mellifera). ts life cycle is strictly intracellu-
lar and the microsporidian is transferred via spores.
After ingestion the spores hatch in the midgut lumen
of the honeybee. A coiled polar filament inside the
spore everts violently and serves as a hollow tube to
conduct the sporoplasm directly into or near to the mid-
gut epithelial cells.

The stimulus for the germination of microsporidian
spores varies among species and seems to be a reflec-
tion of the microenvirenment where the spores hatch
in vive (Jaronski, 1983). Best results have been
achieved with shifts in pH or osmotic pressure, the
presence of ions in the medium, and rehydration after
desiccation (Malone, 1984; Whitlock and Johnson,
1990; Undeen and Epsky, 1990). Concerning the in
vitro stimulation of N. apis spores, Bailey (1955) re-
ported the extrusion of the polar tube in the gut con-
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tent fluids. Hydrogen peroxide (Kramer, 1960; Van
Laere, 1976), sodium chloride, and rehydration in
phosphate-buffered saline (Olsen et al., 1986} also have
been used successfully.

In this paper the influence of anions/cations and the
pH was examined in order {o optimnize the in vitro ger-
mination of N. apis spores. Recently Undeen (1990)
proposed a new mechanism for microsporidian spore
germination based on the endogenous breakdown of
the disaccharide aa-trehalose, Therefore, the carbohy-
drate content of ungerminated and germinated spores
was analyzed.

MATERIALS AND METHOGDS

Purification of Spores

The alimentary tracts were removed from severely
infected honeybees by crushing the thorax with twee-
zers and gently pulling the terminal sclerites away
from the remaining abdomen. The collected guts were
homogenized in distilled water with an Ultraturrax
homogenizer. N. apis spores were purified from this
crude tissue hotnogenate by filtration through nylon
filters with a decreasing pore size (180, 100, 40, and 10
pm) and centrifugation in a 30-65% sucrose gradient
(18,000g, 120 min). Before use, the precipitated spores
were washed several times in distilled water.

Assessment of Percentage Germination

Four microliters of a spore suspension (1 x 108
spores/ml) were mixed with 100 pl of a germination
solution. A small drop (£5 pl) of trypan blue (0.2% in
distilled water) was added to differentiate the germi-
nated (blue colored) and the ungerminated (uncolored)
spores. Using interference contrast microscopy germi-
nation was enumerated every 5 min for 40 min. The
experiments were done at room temperature and all
repeated 10 times.
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IN VITRO GERMINATION OF Nosema apis SPORES

Germination Solutions

Different salt solutions at concentrations of 0.5 or
0.25 M were tested for their ability to induce germina-
tion. Germinated spores were counted in the presence
of NaCl, NaHCO,, NaOH, and KOH. The combination
of NaCl + NaHCO, (pH 8.0), KCi + KHCO, (pH 8.4),
and NaCl + Na,50, (pH 6.3) was examined. To deter-
mine the influence of pH, the 0.5 M NaCl + 05 ™
NaHCQ, solution was adjusted with either 0.1 M
H.PO, or 0.1 M NaOH to give a range from pH 4.0 to
pH 10.0. The combination of NaHCO; with other
monovalent sodium salts was examined at pH 6.0.

Scanning Electron Microscopy

Nosema spores were attached to coverslips which
were pretreated with 1% albumin in glycerol (1:1 v/v).
Spore germination was stimulated by submerging the
coverslips in 0.5 M NaCl + 0.5 M NaHCO; for 10 min.
Fixation occurred in ice-cooled cacodylate buffer (0.1%
cacodylate, 0.12 M sucrose, 0.05% CaCl,, pH 7.4) con-
taining both gluteraldehyde (2%) and paraformalde-
hyde (2%) (Raes et al., 1989). The samples were dehy-
drated by an increasing alcohol series and by critical
point drying in liquid carbon dioxide. Finally, they
were coated with gold and examined with a JEOL JSM
840 scanning microscope.

Preparation for Carbohydrate Analysis

Pellets containing 94 x 107 (or 14 x 107) purified
spores were resuspended in either 20 ml germination
solution (0.25 M NaCl + 0.25 M NaHCOg, pH 6) or 20
ml water (= ungerminated spores) and incubated in a
water bath at 34°C for 30 min. All samples were pre-
pared in triplicate. After the incubation period germi-
nated and ungerminated spore samples were homoge-
nized by violently shaking in a Braun cell homogenizer
using an equal volume of glass beads. The specimen
chamber of the homogenizer was cooled by spraying
with liquid CQO,. The samples were checked by micro-
scopic observations and homogenization was done until
most of the spores were broken. The homogenate was
centrifuged for 15 min at 15,000g in a refrigerated
(4°C) Sorvall centrifuge to remove insoluble spore frag-
ments. Ten milliliters of supernatant was filtered
(Sartorius minisart, 0.22 pm), lyophilized, and pre-
pared for carbohydrate analysis. Volatile trimethylsi-
lyl ethers were prepared by incubating the lyophilized
samples in 5 ml pyridine/hexamethyldisilazane/
trimethylchlorosilane (10:2:1 v/v/v) for 45 min at 60°C.
Samples were dried with nitrogen and resuspended in
2 ml hexane. Only 1 pl was used for carbohydrate anal-
ysis.

Carbohydrate Analysis

Carbohydrate analysis was done with a Finnigan
MAT ITS 40 GC-MS in the electron impact mode (70
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KeV). Samples were analyzed on a capillary column
(256 m x 0.22 mm i.d.) coated with 0.1 pm HT5 (non-
polar packing). The GC oven temperature increased
linearly from 100 to 260°C at 12°C/min, and was finally
kept for 5 min at 300°C. Measurements were made
after a delay of 300 sec and within the mass range 100
to 650 amu at a frequency of 1 scan/sec. The GC-MS
response was expressed in “total ion current” (TOT)
and related in percentages of the highest peak. Glu-
cose, sucrose, and aa-trehalose standards were ob-
tained from Aldrich Chemie. Peak identification was
made by direct GC-MS comparison with silylated car-
bohydrate standards.

RESULTS

The extrusion of N. apis spores is a rapid process and
consequently difficult to follow. The expulsion of the
polar tube is preceded by a lag phase during which no
apparent changes take place. The length of this period
was dependent on the stimulation solution that was
used. At the end of the lag phase spores started vibrat-
ing for some seconds, followed by the violent ejection of
the polar filament. In some observations the polar tube
left the spore body in a corkscrew motion. Best obser-
vations were made in samples where spores germinat-
ed at the periphery of trapped air bubbles. The pene-
tration of the air liquid interface by some of the emerg-
ing polar filaments caused a magnification of their size
and simultaneously a slowing down of the whole ex-
trusion process (Olsen et al., 1986).

When spores were treated with 0.5 M NaCl, only 14%
hatched within 40 min (Fig. 1). A 0.5 M NaHCO, solu-
tion caused the extrusion of only 7% of the spores. A
solution containing both 0.5 M NaCl and 0.5 M NaHCO,
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Nosema apis spores after stimulation with different salt solutions.
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gave a much higher frequency of germination (53%),
and comparable results were found using the same
salts at half this concentration. Sodium salts and po-
tassium salts stimulated spore hatching almost identi-
cally (Fig. 2). The combination of NaCl + Na,S0, gave
a much lower extrusion percentage than NaCl +
NaHCO;. Spores did not hatch at all in a 0.5 M NaOH
or 0.5 M KOH solution.

When the pH of the 0.5 M NaCl + 0.5 M NaHCO,
solution was altered between 4 and 10 with 0.1 M
NaOH or 0.1 m NaHCO;, germination occurred only
between 5 and 9. After 40 min, pH 6, 7, and 8 gave the
same final extrusion percentage; however, at pH 6 this
level was reached after only 5 min (Fig. 3).

Different monovalent anions in combination with
NaHCO; gave different extrusion stimuli (Fig. 4). Best
results were obtained with Cl~, followed by Br™, F~,
and I™.

GC-MS analysis of the carbohydrate content of both
germinated and ungerminated spores revealed a major
peak of aa-trehalose and minor peaks of a-glucose,
B-glucose, and sucrose (Fig. 5). Considerable differ-
ences in GC—MS response could be noticed between the
spore samples, even when the same spore concentra-
tion was used (Table 1). Probably this was due to the
varying success of the homogenization technique.
Therefore it was irrelevant to estimate the exact car-
bohydrate concentration by use of internal standards.
However, the ratio ae-trehalose/D-glucose was ¢compa-
rable within the samples of germinated and ungermi-
nated spores, respectively. The average ratio ao-
trehalose/D-glucose was 27 + 12 for ungerminated
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spore samples and 13 = 4 for germinated spore sam-
ples.

Scanning electron microscopy showed germinated
spores and a striking maze of extruded polar tubes
(Fig. 6). However, no convincing images of released
sporoplasms could be made.

DISCUSSION

Microsporidian spore germination is stated to be an
osmotic process (Undeen and Frixione, 1990). This does
not necessarily mean that the hatching stimulation is
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monovalent anions at pH 6.
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osmotically dependant. Kroon et al. (1974) proposed
that the osmotic shock to which N. apis spores are ex-
posed when they are filtered out of the honey stomach
and enter the midgut is responsible for spore hatching.
However, when N. apis spores were shifted from a 30%
sucrose solution to distilled water, spore hatching did
not occur (results not shown). Olsen et al. (1986) earlier
described the requirement of salts in the rehydration
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solution to stimulate N. apis spore hatching and in this
paper germination was achieved in salt solutions with-
out previous dehydration. Therefore we suggest that
for N. apis germination is stimulated by the presence of
ions and not simply by the alteration of osmolarity.

N. apis spores hatched best in a NaCl + NaHCO,
solution at pH 6. The percentage of spores germinating
seems to increase when NaCl and NaHCOQ; are simul-
taneously present in the germination fluid. This in-
crease is not caused by doubling the number of ions
because both a 0.50 and a 0.25 molar concentration
gave identical results. Possibly there is a synergistic
effect between NaCl and NaHCOg. It is not known
whether other combinations are possible, but NaCl +
Na,S0, did not stimulate hatching to the same extent.
The stimulating effect of phosphate-buffered saline,
containing a mixture of different salts, is already
known (Olsen et al., 1986).

Ishihara (1967) and Undeen (1978) reported an effi-
cacy order of alkali metals in stimulating the germi-
nation of Glugea fumiferanae (Cs* > Rb* > K™ >
Na* > Li") and Nosema algerae spores (K™ > Na™ >
Rb* > Cs™ > Li™"), respectively. Qur results on N. apis
showed no differences between sodium salts and potas-
sium salts. Whitlock and Johnson (1990) found compa-
rable results for Nosema locustae. Differences in effi-
cacy between monovalent anions seemed more obvious
for N. apis spores, and a rank order could be formed:
Cl™ > Br™ > F~ >1I". Undeen and Avery (1988) also
reported an efficacy order of anions for N. algerae
spores: Br™ > C1™ > I~ > F~. Possibly both anions
and cations are involved in the germination-stimu-
lating process.

It was most interesting to notice that the N. apis
spores hatch the best at pH 6. The buffering power of
the contents of the ventriculus of the honeybee at pH
6.2-6.3 is well known (Hoskins and Harrison, 1934)
and it seems reasonable to think that the artificial

TABLE 1

GC-MS Analysis of the Nosema apis Spore Content after Incubation in Water {(al, a2, and a3) or in Germination Solution
(b1, b2, and b3) for 30 min at 34°C

Carbohydrate analysis® of disrupted spores Ratio
aa-trehalose/
Sample Suspending solution o-D-glucose  B-D-glucose  D-glucose  Sucrose  ca-Trehalose D-glucose
al” Distilled water 2001174 2410898 4412072 4990273 125196235 28
a2? Distilled water 1949378 2574449 4523827 3116507 67177226 15
ad? Distilled water 459560 253115 712675 968963 26847275 38
27 = 1274
b1® 0.25 M NaCl + 0.256 m NaHCO,, pH 6 1228754 2047229 3275983 1255662 25333477 8
b2t 0.25 M NaCl + 0.25 M NaHCO,, pH 6 435881 367093 802974 2236484 11521443 14
ba® 0.25 M NaCl + 0.26 m NaHCO,, pH 6 451479 351544 803023 480135 13204884 16
13 = 4¢

“ Spore sample containing 7 x 10% spores/ml.
5 Spore sample containing 47 x 10 spores/ml.

¢ GC—MS response of the trimethylsilyl ethers was expressed in total ion cutrent.

4 Mean ratio ca-trehalose/D-glucose * standard deviation.
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FIG. 6. Scanning electron microscopy of germinated Nosema apis spores (bar = 10 pm).

stimulus of N. apis spores is to some extent a reflection
of the conditions in vivo in the honeybee midgut juice.

Different hypotheses have been suggested to explain
the expulsion of the polar tube. All of them assume
that an internal osmotic potential is built up during
the lag phase. Undeen et al. (1987) found for N. algerae
spores that after application of the stimulus, the car-
bohydrate molar concentration increased by degrada-
tion of aa-trehalose into a greater number of smaller
molecules. It was suggested that this sudden increase
in osmolarity was responsible for a pulse of increased
intrasporal pressure which initiated spore germination
(Undeen, 1990). N. apis spores have abundant stores of
ca-trehalose and smaller guantities of glucose and
other monosaccharides (Wood et al., 1970). In this pa-
per only a small shift in the ratio trehalose/glucose was
measured after germination, suggesting that a huge
breakdown of aa-trehalose does not, precede the germi-
nation process in N. apis spores. Therefore it seems
unlikely that N. apis and N. algerae spores have the
same mechanism to gain the necessary internal pres-
sure for polar tube expulsion.

It is already known that the biochemical properties
of the enzyme trehalase, which is responsible for the
cleavage of the disaccharade trehslose into two mole-
cules of glucose, differs among microsporidian species.
Trehalase from N. algerae spores has a pH optimum of
about 5.5 and is almost totally inactive at pH 8.0 (Un-
deen et al., 1987). Trehalase from N. apis, however, has
a pH optimum of 7.0, but even so, it was not active
above pH 8.0 (Vandermeer and Gochnauer, 1971). Per-
haps the differences in trehalase characteristics indi-
cate different germination mechanisms for each of
these species. A comparable situation exists in fungal
spores. Fungal trehalases have been divided into two
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classes according to their biochemical characteristics
and their functional properties (Thevelein et al., 1984),

Dall {1983} proposed a mechanism in which the in-
ternal osmotic pressure of spores was built up by accu-
mulation of cations from the external medium. How-
ever, this proton exchange mechanism required an al-
kaline environment for germination and it was
demonstrated that for N. apis spores the germination
rate was the highest at pH 6. Naone of the germination
mechanisms hitherto proposed for different mi-
crosporidian species seems to fit for N. apis. It is pos-
sible that not only the stimulus but also the mecha-
nism for germination varies among microsporidian
species.
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