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A Comparison of Techniques Useful for Preparing 
Nematodes for Scanning Electron Microscopy 1 

J. D. EISENBACK ~ 

Abstract: Second-stage juveniles of Meloidogyne incognita were prepared by several different tech- 
niques for scanning electron microscopy (SEM). Sequential fixation in the cold (4-8 C) was superior 
to rapid fixation at room temperature, glutaraldehyde and glutaraldehyde-formalin were better 
fixatives than formalin alone, and critical point drying with carbon dioxide or  Freon gave similar 
results that were only slightly better than air drying with Freon. Freeze drying sequentially fixed 
nematodes from 100% ethanol in liquid propane produced the best preserved specimens with the 
fewest artifacts. Specimens of various free-living and plant-parasitic nematodes were prepared for 
SEM by freeze drying. This technique was adequate for most genera but unsatisfactory for a few. 
Although each genus may require a different procedure for optimum preservation of detail, se- 
quential fixation with glutaraldehyde and freeze drying are comparable and often superior to 
commonly used techniques for preparing nematodes for SEM. 

Key words: critical point drying, fixation, fixatives, freeze drying, methods, morphology, Acrobeles 
sp., Belonolaimus longicaudatus, Criconemella sp., Hemicycliophora sp., Heterodera glycines, Hoplolaimus 
sp., Meloidogyne incognita, M. pini, Mononchus sp. 

The scanning electron microscope (SEM) 
is a useful tool in the study of nematodes. 
Morphologic and taxonomic studies of 
nematodes have been greatly enhanced by 
the use of SEM, and species descriptions 
increasingly include scanning electron mi- 
crographs. Unfortunately, morphological 
details are often obscured as a result of 
poor preservation and by artifacts pro- 
duced by preparative techniques. Speci- 
men preparation remains a limiting factor 
in the quality of  information provided by 
SEM. 

Initial SEM investigations of plant-para- 
sitic nematodes compared several different 
methods of specimen preparation (3-5). 
More recently reviews of techniques (7-9) 
as well as specific details of techniques (2) 
have been published. Early comparisons of 
preparative techniques used nematodes 
from several different genera and began 
with specimens that had been killed with 
hot formaldehyde-based fixatives. Killing 
with heat and formalin fixation subse- 
quently has been shown to be inadequate 
for SEM. Each step in the preparation is 
important to the success of the remaining 
steps (2); distortions occurring in the initial 
stages of preparation generally become 

Received for publication 6 February 1986. 
Partial Support provided by U.S. Agency for International 

Development Contract No. ta-C-1234 to Dr. J. N. Sasser. 
Assistant Professor, Department of Plant Pathology, 

Physiology and Weed Science, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061. 

The author thanks S. M. Curl for inspiration and technical 
assistance. 

magnified in steps that follow. Some tech- 
niques regarded as unsuitable in previous 
investigations (4) may actually be quite use- 
ful if the nematodes are properly killed and 
fixed. 

Successful preparation of nematodes for 
SEM consists of several steps. Killing, fix- 
ing, and drying are perhaps the most im- 
portant. Widely used killing and fixation 
techniques follow two generalized pat- 
terns. Rapid fixation emphasizes the need 
to quickly stop cellular activity and thus 
prevent destruction of tissues through au- 
tolytic activities. Sequential fixation em- 
phasizes the effect of the concentration of 
the fixative on tonicity of the buffer. Dif- 
ferences in tonicity between the buffer and 
tissue can cause swelling or shrinkage (2). 

Primary fixation of protein molecules is 
important in preparation of  nematodes for 
SEM. The initial comparison of prepara- 
tive techniques used formaldehyde-based 
fixatives (4) which generally have been re- 
placed by glutaraldehyde. Much better re- 
suits have been obtained with glutaralde- 
hyde because it is a dialdehyde with two 
reactive groups capable of cross-linking 
proteins (2). Unfortunately the earlier fix- 
ation techniques with formaldehyde also 
included heat (4), and poor preparations 
may have resulted from an inferior fixa- 
tive, or heat, or both. Mixtures of alde- 
hydes, particularly formalin and glutaral- 
dehyde, are more and more commonly used 
for preparing biological materials for SEM. 
A comparison of  the effectiveness of for- 
malin, g lutaraldehyde,  and glutaralde- 
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TABLe 1. Techniques tested for preparing nematodes for scanning electron microscopy. 

Fixation Temper- Fig- 
schedule ature Fixative(s) Modification Drying ure 

Rapid 21 C 2% glutaraldehyde-1% None 
formalin 

Sequential slow 4-8 C 2% glutaraldehyde-1% None 
formalin 

Sequential fast 4-8 C 2% formalin None 
Sequential fast 4-8 C 2% glutaraldehyde None 
Sequential fast 4-8 C 2% glutaraldehyde-1% None 

formalin 
Sequential fast 4-8 C 2% glutaraldehyde-1% None 

formalin 
Sequential fast 4-8 C 2 % glutaraldehyde- 1% None 

formalin 
Sequential fast 4-8 C 2% glutaraldehyde-1% OTO 

formalin 
Sequential fast 4-8 C 2% glutaraldehyde-1% None 

formalin 
Sequential fast 4-8 C 2% glutaraldehyde-l% Glycerin 

formalin infiltration 
None 21 C None Living 

material 

Critical point dried with CO2 1A 

Critical point dried with COs 1B 

Critical point dried with CO~ 1C 
Critical point dried with CO~ 1D 
Critical point dried with CO~ 2A 

Critical point dried with Freon 2B 

Air dried with Freon 2C 

Critical point dried with CO~ 2D 

Freeze dried with 100% ethanol 3A 

Critical point dried with CO~ 3C 

Freeze dried with water 3B 

hyde-formalin as primary fixatives is need- 
ed. 

Drying nematodes is necessary because 
of  the physical requirements of  the SEM. 
The surface tension of  water drying from 
the specimen exerts t remendous pressures 
that cause severe distortions (2). Several 
different drying techniques have been used 
to reduce these pressures. Critical point 
drying (CPD) with Freon or carbon dioxide 
(CO2) is most commonly used. Air drying 
with volatiles, infiltrating with a low sur- 
face tension fluid, and freeze drying are 
also used (4,7). A comparison of  several 
drying techniques is needed to evaluate the 
usefulness of  each technique. 

The  purpose of  this study was to evaluate 
the details o f  common preparative tech- 
niques and to reevaluate methods useful 
for biological tissues but  not regularly used 
for nematodes. All tests were run simul- 
taneously with specimens from the same 
population of  nematode. Second-stage ju- 
veniles ofMeloidogyne incognita (Kofoid and 
White) Chitwood were selected for the 
compara t ive  studies because  they are 
readily available in large quantities and are 
often difficult to prepare without distor- 
tion and artifacts. Juveniles of  root-knot 
nematodes were desirable because freshly 
hatched specimens are in a similar nutri- 
tional and physiological state. The  best 
preparative procedure used for second- 

stage juveniles was selected and tested with 
nematodes from several different genera 
including both free-living and plant-para- 
sitic forms. 

MATERIALS AND METHODS 

A population ofMeloidogyne incognita cul- 
tured on tomato (Lycopersicon esculentum 
Mill. cv. Rutgers) in a greenhouse main- 
tained at 22-28 C was selected. Newly 
hatched second-stage juveniles were ob- 
tained by incubating egg masses on wet 
tissue paper supported by a plastic screen 
in a moist chamber. Specimens were si- 
multaneously processed by various tech- 
niques (Table 1). Most of  the techniques 
involved the same basic steps of  fixation, 
postfixation, dehydration, drying, mount- 
ing, coating, and viewing (2). Differences 
in techniques generally included only type 
of  primary fixative, rate of  fixation, and 
method of  drying. 

Fixation schedule: The first and most im- 
portant step in preparing nematodes for 
SEM is fixation. As mentioned previously, 
two commonly used methods of  fixing 
nematodes are rapid and sequential fixa- 
tion. 

Rapid fixation: Specimens  were im- 
mersed in 2 % glutaraldehyde- 1% formalin 
(buffered in 0.1 M sodium cacodylate ad- 
justed to a pH of  7.2) for 2 hours at room 
temperature.  They were stored overnight 
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(15-20 hours) in the fixative in a refrig- 
erator (4-8 C). 

Sequential fixation: Specimens  were  
chilled in 0.5 ml (12 drops) of  tap water in 
a refrigerator (4-8 C) for 30 minutes. They  
were sequentially fixed by adding 4 drops 
of  cold 4% glutaraldehyde-2% formalin 
(buffered with 0.1 M sodium cacodylate, 
pH 7.2) every half hour until the final con- 
centration of  fixative reached 2% glutar- 
a ldehyde- l% formalin (12 drops of  fixa- 
tive). Fixation continued overnight (15-20 
hours) in the cold. 

One group of  specimens was chilled for 
30 minutes in a refrigerator and slowly se- 
quentially fixed by adding a single drop of  
fixative every half hour until the desired 
concentration was achieved. The  nema- 
todes continued fixing as they were kept 
in a refrigerator overnight (15-20 hours). 

Fixatives: Primary fixation of  protein 
molecules is usually achieved by an alde- 
hyde or a mixture of  aldehydes. Most spec- 
imens in this study were fixed with a com- 
bination of  2% glutaraldehyde and 1% 
formalin. For comparative purposes some 
nematodes were sequentially fixed with 2 % 
glutaraldehyde or 2% formalin. All fixa- 
tives were buffered with 0.1 M sodium cac- 
odylate adjusted to a pH of 7.2. 

Drying: After fixation by various pro- 
cedures and fixatives, all specimens were 
postfixed in 2% osmium tetroxide (buff- 
ered in 0.1 M sodium cacodylate, pH 7.2) 
for 8 hours in the cold (4 C), dehydrated 
in a seven-step ethanol series, and dried by 
several different means. Drying is neces- 
sary for successful observation with the 
SEM. Unfortunately evaporating liquids 
exert  extreme pressures on the surface of  
the specimens. Three  drying techniques 
that are useful in avoiding the damaging 
effects of  surface tension pressures are 
CPD; drying from a volatile, low surface 
tension liquid; and freeze drying. 

Critical point drying and drying from a vol- 
atile liquid: Most nematodes in this study 
were CPD with CO2 using standard pro- 
cedures (2). Some specimens were infil- 
trated with Freon-113 and CPD with Freon- 
13 (2). For comparison, some specimens 
were allowed to air dry from the transi- 
tional fluid, Freon- 113, which is a volatile, 
low surface tension fluid. 

Freeze drying: Fixed, dehydrated nema- 
todes were frozen in 100% ethanol by im- 

mersing them in liquid propane cooled by 
liquid nitrogen. The  specimens were evac- 
uated overnight to a pressure of  10 -1 Tor r  
at - 8 0  C and freeze dried. For compari- 
son, some nematodes were immersed live 
and not fixed into liquid propane and sub- 
sequently freeze dried. 

Drying specimens infiltrated with glycerin: 
Nematodes are routinely infiltrated with 
glycerin for the preparation of  permanent  
slides. Sometimes it may be desirable to 
examine these specimens with the SEM. 
They can be observed while infiltrated with 
glycerin, or the glycerin can be removed 
and the nematode becomes rehydrated (2). 
For this study, second-stage juveniles were 
processed into glycerin to be used as per- 
manent mounts (1), and some of them were 
rehydrated and CPD as previously de- 
scribed. 

Enhancing electrical conductivity: Dehy- 
drated nematodes are poor conductors of  
electricity. Electrons accumulate in non- 
treated specimens, and charging artifacts 
destroy the image. Most of  the nematodes 
in this study were sputter-coated with a thin 
layer (200 ~) of  gold to enhance conduc- 
tivity. For comparison, an alternative with- 
out coating was used for some nematodes. 
Thiocarbohydrazide ligates osmium to tis- 
sues which increases electrical conductivi- 
ty. Sequent ia l ly  fixed nematodes  were  
t r ea ted  with o s m i u m - t h i o c a r b o h y d r a -  
zide-osmium (OTO) (6) and CPD with 
CO2. 

Mounting and viewing: Specimens were 
mounted on SEM stubs and all treatments 
except O T O  were sputter-coated with ap- 
proximately 200 A of  gold. At least 50 
specimens of  each treatment were viewed 
and photographed with a Jeol T200 SEM 
operating at 25 kV. All variables in viewing 
the specimens were adjusted to produce 
the best possible image, and all observa- 
tions were made within 8 hours of  each 
other. 

Preparation of various other genera: The 
best processing procedure was selected 
from the tests with second-stage juveniles 
ofMeloidogyne incognita and used on several 
nematode genera including both plant par- 
asites and free-living forms. Specimens 
were obtained from routine soil washings 
collected in nematode assays. Genera were 
prepared by freeze drying sequentially 
fixed specimens including Acrobeles sp., Be- 
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FIG. 1. Second-stage juveniles ofMeloidogyne incognita prepared for scanning electron microscopy. A) Rapid 
fixation at room temperature with 2% glutaraldehyde- 1% formalin and critical point dried (CPD) with carbon 
dioxide (CO~). Preservation is good but fine precipitate obscures details. B) Slow sequential fixation in the 
cold with 2% glutaraldehyde-1% formalin and CPD with CO~. Preservation is poor and much precipitation 
covers surface. C) Sequential fixation with 2% formalin in the cold and CPD with CO2. Morphology is distorted 
with wrinkles even though precipitation is absent. D) Sequential fixation in the cold with 2% glutaraldehyde 
and CPD with CO2. Morphology is well preserved and relatively free from artifacts. 

lonolaimus longicauclatus Rau, Criconemella 
sp., Hemicycliophora sp., Heterodera glycines 
Ich inohe ,  Hoplolaimus gaIeatus (Cobb) 
Thorne,  Meloidogyne pini Eisenback, Yang 
and Hartman, and Monochus sp. 

RESULTS AND DISCUSSION 

Processing techniques were evaluated on 
the basis of  the final image obtained with 
the SEM. The  quality of preservation of 
the nematode and the interaction of  elec- 
tron beam with the surface of  the specimen 

were the most important factors affecting 
the final image. Generally, specimen pres- 
ervation was the most important aspect, 
because beam-specimen interaction was 
controlled by adequately coating the dried 
nematodes with a layer of  electrically con- 
ductive metal. Poor preservation of tissue 
usually resulted in wrinkles caused by 
shrinkage of the specimen. Some tech- 
niques were associated with a surface pre- 
cipitate which often obscured morpholog- 
ical details. 



SEM Techniques :  Eisenback 483 

k 

Flc. 2. Second-stage juveniles of Meloidogyne incognita prepared for scanning electron microscopy. A) 
Sequential fixation in the cold with 2% glutaraldehyde-1% formalin and critical point dried (CPD) with Freon. 
Preservation is similar to specimens CPD with carbon dioxide (CO2). B) Sequential fixation in the cold with 
2% glutaraldehyde-1% formalin and CPD with COe. Preservation is similar to specimens CPD with Freon. 
C) Sequential fixation in the cold with 2% glutaraldehyde-1% formalin and air dried with Freon. Even though 
the morphology is relatively free from distortion, the surface is covered with a fine precipitate. D) Sequential 
fixation with 2% glutaraldehyde-l% formalin in the cold, subsequently treated with osmium-thiocarbohy- 
drazide-osmium, CPD with COs, and viewed and photographed uncoated. Image is distorted by charging 
artifacts. 

Fixation schedule: T h e  schedule  o f  fixa- 
t ion was very  impor t an t  to the  success o f  
the  p repara t ive  technique.  Nematodes  that  
u n d e r w e n t  rapid fixation at r o o m  temper -  
a tu re  did not  shrink excessively; however ,  
a precipi ta te  f o r m e d  on the surface and  
ru ined  the quality o f  the  p repa ra t ion  (Fig. 
1A). Sequent ia l  f ixation in the cold pro-  
duced the  best preserva t ion  o f  tissue (Figs. 

1D, 2 A -C ,  3A), bu t  if f ixat ion took  too 
long shr inkage o ccu r r ed  and surface pre-  
cipitates f o r m e d  (Fig. 1 B). 

Fixatives: T h e  type o f  fixative used for  
p r imary  fixation o f  p ro te in  molecules  was 
critical to the  successful p rese rva t ion  o f  
morpho logy .  Glu ta ra ldehyde  and glutar-  
a l d e h y d e - f o r m a l i n  gave satisfactory re-  
sults (Figs. 1D, 2A-C,  3A). Formal in  a lone 
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Fro. 3. Second-stage juveniles of Meloidogyne incognita (Kofoid and White) Chitwood and male of M. pini 
Eisenback, Yang, and Hartman prepared for scanning electron microscopy. A) Sequential fixation in the cold 
in 2 % glutaraldehyde-1% formalin and freeze dried with 100% ethanol. Morphological details well preserved 
and free of artifacts. B) Freshly hatched live specimen freeze dried with water. Morphology is severely distorted. 
C) Specimen infiltrated with glycerin, rehydrated, and critical point dried with carbon dioxide. Preservation 
is poor. D) M. pini male prepared for SEM by freeze drying of fixed material with 100% ethanol. 

did not  adequately preserve tissues, and 
shrinkage was evident  as surface wrinkles 
(Fig. 1C). 

Drying: Preparat ion of  nematodes  for 
SEM generally requires drying the speci- 
mens. T h e  most commonly  used me thod  
for drying nematodes  and o ther  biological 
tissues is CPD with CO2 or  Freon.  I f  the 
specimens were properly  fixed, drying with 
CO2 or  Freon gave comparable  results 
(Figs. 1 D, 2A, B). Proper  fixation even al- 
lowed the nematodes  to air dry  f rom Freon 

without  much shrinkage of  tissues; how- 
ever, a fine precipitate or residue covered 
the surface of  the specimens (Fig. 2C). 
Nematodes  processed into glycerin for per- 
manen t  mounts  and then  rehydra ted  and 
critical point  dr ied were not  well preserved 
(Fig. 3C). Freeze drying properly fixed 
specimens produced  the most stable, best 
preserved nematodes  (Fig. 3A). Freeze 
drying live, unf ixed specimens resulted in 
the worst preparat ions (Fig. 3B). 

Enhancing electrical conductivity: Sputter- 
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Fro. 4. Specimens of various nematode genera prepared for scanning electron microscopy by freeze drying 
fixed material with 100% ethanol. A) Criconemella sp. B) Belonolaimus longicaudatus (Cobb) Thorne. C) Hoplo- 
laimus sp. D) Hemicycliophora sp. 

coating dried and mounted nematodes with 
approximately 200 ~- of  gold prevented 
the  build-up of  image-des t roy ing  elec- 
trons. The  specimens were quite stable un- 
der the high voltage of  the electron beam, 
and the image was free of charging arti- 
facts. Surface morphology was enhanced, 
and morphological details appeared well 
preserved. Trea tment  with O T O  did not 
enhance electrical conductivity enough to 
prevent charging artifacts from destroying 
the final image (Fig. 2D). 

Preparation of various other genera: Freeze 
drying sequentially fixed specimens of  sev- 
eral other  plant-parasitic and free-living 

nematodes was satisfactory for most, but 
not all, specimens. Good results were ob- 
tained with Meloidogyne pini males (Fig. 3D), 
CriconemeUa sp. (Fig. 4A), Belonolaimus lon- 
gicaudatus (Fig. 4B), Hoplolaimus sp. (Fig. 
4C), Hemicycliophora sp. (Fig. 4D), Monon- 
chus sp. (Fig. 5A), andAcrobeles sp. (Fig. 5B). 
Unsatisfactory results were obtained with 
Xiphinema sp. (Fig. 5C) and Heterodera gly- 
cines males (Fig. 5D). 

The  primary fixative, fixation schedule, 
and drying methods are important in pre- 
paring nematodes for SEM. Glutaralde- 
hyde or a mixture of  glutaraldehyde and 
formalin was superior to formalin alone. 
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FIG. 5. Specimens of various nematode genera prepared for scanning electron microscopy by freeze drying 
fixed material with 100% ethanol. A) Mononchus sp. B) Acrobeles sp. C) Xiphinema sp. D) Heterodera glycines 
Ichinohe male. 

Sequential fixation was superior to rapid 
fixation provided the sequential fixation 
schedule was not too slow. Critical point 
drying with Freon or CO2 gave good re- 
sults and was surprisingly similar to air 
drying from Freon. Freeze drying pro- 
duced the best preservation of  gross mor- 
phology and was associated with the fewest 
artifacts. Although each genus may re- 
quire a different procedure for the opti- 
mum preservation of  detail, sequential fix- 
ation with glutaraldehyde and freeze drying 
was superior to other  commonly used fix- 
ation and drying techniques. 
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Effect of Meloidogyne incognita and Importance of the 
Inoculum on the Yield of Eggplant 

M. DI VITO,  N. GRECO, AND A. CARELLA 1 

Abstract: The relationship between population densities of race 1 ofMeloidogyne incognita and yield 
of eggplant was studied. Microplots were infested with finely chopped nematode-infected pepper 
roots to give population densities of 0, 0.062, 0.125, 0.25, 0.50, 1, 2, 4, 8, 16, 32, 64, and 128 eggs 
andjuveniles/cm ~ soil. Both plant growth and yield were suppressed by the nematode. A tolerance 
limit of  0.054 eggs and juveniles/cm s soil and a minimum relative yield of  0.05 at four or more 
eggs andjuveni les /cm 3 soil were derived by fitting the data with the equation y = m + (1 - m)z p-r. 
Maximum nematode reproduction rate was 12,300. Hatch of  eggs from egg masses in water or 
from sodium hypochlorite dissolved egg masses was similar (41% and 39%), but egg viability was 
significantly greater from egg masses in water (58%) than from sodium hypochlorite dissolved egg 
masses (12%) after 4 weeks. Greater numbers of  nematodes were collected from roots of tomatoes 
from soil infested with entire egg masses than from tomato roots from soil infested with egg masses 
dissolved by sodium hypochlorite. 

Key words: root-knot nematode, tolerance limit, eggplant, inoculum, Solanum melongena, Meloi- 
dogyne incognita. 

Eggplant (Solanum melongena L.) is se- 
verely damaged by the root-knot nema- 
tode  Meloidogyne incognita (Kofoid and 
White) Chitwood (3,4). Eggplant is an im- 
portant  summer crop in Italy and damage 
by Meloidogyne spp. is often reported (8). 
With two exceptions (3,5), information on 
the relationship between yield losses and 
population density of  M. incognita is lack- 
ing. The  inoculum type has proved to af- 
fect hatching and infectivity of  eggs and 
the extent of  yield losses. Hussey and Bark- 
er (7) demonstrated that releasing eggs 
from egg masses of  root-knot nematodes 
with 0 . 5 3 - 1 . 0 5 %  sodium hypoch lo r i t e  
provides a satisfactory inoculum, but  this 

• Received for publication 14 October 1985. 
Istituto di Nematologia Agraria del Consiglio Nazionale 

delle Ricerche, Via G. Amendola, 165/A--70126 Bari, Italy. 
We thank G. Zaccheo for technical assistance and V. Ra- 

dicci for preparing drawings and photographs. 

treatment can be detrimental to eggs of  
Meloidogyne since more juveniles emerged 
from intact egg masses than from eggs re- 
leased by sodium hypochlorite. Root in- 
vasion by juveniles also was higher when 
egg masses were used. Vrain (11) obtained 
similar results and emphasized that prob- 
lems may arise when using inocula of  Me- 
loidogyne spp. In microplot experiments we 
found a tolerance limit of  pepper (Capsicum 
annuum L.) to M. incognita of  2.2 eggs /cm 3 
soil and minimum yield of  0.58 when dis- 
solved egg masses had been used as inoc- 
ulum, but under  similar conditions a tol- 
erance limit of  0.165 eggs /cm ~ soil and a 
minimum yield of  0.20 were obtained us- 
ing finely chopped infested roots as inoc- 
ulum. We hypothesized that the inoculum 
type may have accounted for the largely 
different results. Therefore ,  three exper- 
iments were undertaken to study 1) egg 
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