Protoplasma (1993) 174: 62-68

PROTOPLASMA

© Springer-Verlag 1993
Printed in Austria

5884

Status of nuclear division in arbuscular mycorrhizal fungi

during in vitro development

G. Bécard* and P. E. Pfeffer

U.S. Department of Agriculture, Agricultural Research Service, Eastern Regional Research Center, Philadelphia, Pennsylvania

Received October 2, 1992
Accepted January 21, 1993

Summary. The number of nuclei in spores and along hyphae of an
arbuscular mycorrhizal fungi Gigaspora margarita was measured in
digital images of fluorescence arising from mithramycin stained cul-
tures. Typical dormant spores (250 pm diameter) contained 2000
nuclei. Eight hundred nuclei were mobilized during the first 3 days
of germination. The number of nuclei in the spores nearly returned
to the initial number after 22 days of hyphal growth. The average
relative DNA content in the nuclei of dormant spores and in the
nuclei of spores incubated for 22 days was comparable, as judged
from fluorescence intensity. Hyphal elongation occurred with 460
nuclei per cm under a special set of in vitro conditions that promote
extensive hyphal growth of arbuscular mycorrhizal fungi. We found
an average total of 26 000 hyphal nuclei per germinating spore after
22 days. The specific DNA polymerase o inhibitor aphidicolin did
not inhibit spore germination but it rapidly reduced the rate of hyphal
growth and arrested growth after 4 days. No nuclei were produced
de novo during this time. These results demonstrate that G. margarita
replicates nuclear DNA and undergoes nuclear division when grown
in vitro even in the absence of a plant host.

Keywords: Charge-coupled device; DNA fluorescence; Gigaspora
margarita, Image processing; In vitro culture; Nuclear division.

Introduction

Vesicular-arbuscular (VA) mycorrhizal fungi are ob-
ligate biotrophs. Attempts to grow them in pure culture
have been unsuccessful for more than thirty years (Wil-
liams 1991). One of the key steps in the life cycle of
these microorganisms is the acquisition of their sym-
biotic mode of growth (Bécard and Piché 1989 a). This
begins after spore germination and terminates when
the first root colonization and arbuscules are formed.

* Correspondence and reprints: U. S. Department of Agriculture,
Agricultural Research Service, Eastern Regional Research Center,
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Early hyphal growth depends on spore reserves and
requires some stimulatory root factors (M1 mecha-
nism) whereas symbiotic growth is exclusively root de-
pendent (M2 mechanism) (Bécard and Piché 1989 a).
It has been proposed that both modes of growth may
not be fundamentally different if one considers that
only the carbon source changes and that the stimula-
tory root factors first required are also necessary
throughout the symbiotic growth period (Bécard and
Piché 1989 a). Carbon dioxide in addition to root ex-
udates were found to be the critical factors for hyphal
growth stimulation of germinated spores of Gigaspora
margarita Becker and Hall (Bécard and Piché 1989b).
An appropriate CO, concentration (2%), and the fla-
vonol quercetin (10 uM) provided abiotic conditions
suitable to reproducibly sustain extensive in vitro
growth of G. margarita (Bécard etal. 1992). If the hy-
pothesis proposed above is correct, we would expect
the fungus at this stage not to lack any fundamental
biological functions like DNA replication and nuclear
division. This is different from what has been recently
proposed, i.e., that VA mycorrhizal fungi lack the abil-
ity to synthesize nuclear DNA in the absence of their
host (Burggraaf and Beringer 1988, 1989; Viera and
Glenn 1990).

The objective of the present study is to examine the
nuclear status of G. margarita at various physiological
stages of development. For this purpose, we combined
epifluorescence microscopy and digital image analysis
to accurately resolve and count for the first time the
nuclei of this fungus and to compare their brightness
as an indication of their DNA content.
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Materials and methods
Fungal material

Azygospores of G. margarita Becker and Hall (DAOM 194757) were
produced in greenhouse pot culture, collected, purified, and surface
sterilized as already described (Bécard et al. 1992). In one experiment,
spores produced in vitro using the root organ culture system (Bécard
and Piché 1991) were used. Two month-old spores were removed
from 6 month-old petri dish cultures. Except when specified, spores
with a diameter between 230 and 270 pm were studied. Six to eight
spores were used per treatment.

Fungal growth conditions

Conditions for spore germination and growth in 2% CO, incubators
(32°C) were as described by Bécard etal. (1992). The spores were
germinated in dishes incubated in inverted position, and were trans-
ferred, the day of germination (2nd day), to square petri dishes (one
spore per dish) incubated vertically. Culture media were M medium
(Bécard and Fortin 1988) supplemented or not with 10 pM quercetin
(Bécard et al. 1992) and aphidicolin (Sigma Chemical Co., St. Louis,
Mo.). Aphidicolin inhibits specifically DNA polymerase o, the en-
zyme responsible for nuclear DNA replication. Aphidicolin (150 puM)
was added axenically to the culture medium after it had been au-
toclaved and allowed to cool to 45 °C. The stock solution (74 mM)

was prepared with DMSO. Control plates were supplied with an
equivalent volume of DMSO. All media were gelled with 0.3% (wt/
vol) gellan gum (Gel-Gro; ICN Biochemicals, Cleveland, Ohio).

Assessment of fungal growth

Before measurement, hyphal elongation of G. margarita, observed
through a dissecting microscope, was marked on the bottom half of
the petri dish. The hyphal length (in centimeters) was then measured
by using a 2mm grid. The number of clusters of auxiliary cells was
also determined.

Nuclear staining

Nuclei were stained with the DNA specific fluorescent stain mith-
ramycin. The stain was prepared by dissolving 100 pg/ml mithra-
mycin A (Sigma Chemical Co.) in 15mM MgSO, (Heath 1987).
For staining spore nuclei, spores were severed from the experimental
dishes with a sharp blade scalpel and directly transferred into 20 pl
of mithramycin solution laid on a microscope slide. The cover glass
(No. 122 x 22 mm) was used to gently crush the spore and expel its
contents. Microscopic observations were made immediately. Images
of spore nuclear content were digitalized and stored for further
analysis. The exact same procedure was followed for each spore to
minimize variations between the readings.
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Fig. 1. Crushed spore of Gigaspora margarita showing mithramycin stained nuclei. The picture was restored with four (1/2x) digitalized
images (a—d) previously acquired. This montage allows to select the regions to be further analyzed. Bar: 200 pm



For staining hyphal nuclei, the growing hyphae left after severing
the spores were fixed overnight in the culture dishes with 2% glu-
taraldehyde (in phosphate buffered saline; ICN Biomedicals Inc.,
Costa Mesa, Calif.) at 4°C. They were then rinsed several times with
deionized water for 24 h. Prior to hyphal nuclei staining, the dishes
were dried in an oven at 75°C for 3h so that hyphae were spread
flat on the bottom of the dishes. Ten to twenty segments of hyphae
intersecting a pattern of parallel (15 mm apart) lines were stained in
situ with a drop (10 pl) of mithramycin. When hyphal growth was
limited (aphidicolin experiment), only the germ tube, 1 cm away from
the spore, was examined. To optimize the penetration of the stain,
the selected segments were gently incised with a razor and put in
contact with mithramycin for 24 h. Prior to observations hyphae
were rinsed once with deionized water.

Optical and image processing devices

An inverted Nikon Diaphot microscope equipped with an epiflu-
orescence illumination (100 W mercury lamp) and a B-2 A filter cube
(dichroic mirror 510 nm, excitation 450-490 nm, barrier 520 nm) was
used for all nuclear observations. Images were acquired (0.2s ex-
posure) with a charge-coupled device (CCD) Imaging System Star
I (Photometrics, Tucson, Ariz.), transferred to a Macintosh IT (Apple
Computer Inc., Cupertuno, Calif.), stored in a high-capacity storage
subsystem (MacinStor, Storage Dimensions, San Jose, Calif.) and
analyzed with image processing software from IPlab/Spectrum (Sig-
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nal Analytics Corporation, Vienna, Virg.). Under the conditions
used, almost no fading occurred, as a decrease of only 1.5% and
2% of fluorescence emission was measured within 15s and 120s,
respectively.

Counting nuclei

Counts of spore nuclei were made by analyzing digitalized images
collected at 250 x magnification. A montage of 4 images per spore
was made to obtain the full picture of the contents of one spore at
this magnification (Fig. 1). Subdivisions of the images were carefully
made to avoid analyzing overlapped regions more than once. For
subsequent processing, nuclear brightness was extracted from the
images (Fig. 2 A) after two consecutive segmentations (Gonzales and
Wintz 1987). The first one, which uses Sobel operators and partitions
the image based on abrupt changes in gray-level, was used to isolate
the nuclei as objects (Fig. 2 B). The second one, which is based on
histogram thresholding of gray-level, was used to discriminate the
nuclei from the background. The result of these two processing steps
was then binarized (Fig.2C) to sum the nuclear regions. This in-
tegrated brightness related to nuclear area was finally divided by the
average value previously calculated for a single nucleus. The value
for a single nucleus was determined by averaging an integrated region
where the nuclei had been previously counted manually. The regions
used contained thirty to sixty nuclei, depending on the size of the
image.

Fig. 2. Image processing of the nuclear region shown on Fig. 1a. Bar: 75pum. A First acquired original image. B Segmented image (A) using
Sobel operators (based on abrupt changes in gray-level) to better extract nuclei from the background. C Binarized image (B) after a gray-
level thresholding segmentation. This image is the one used to integrate the nuclear area. D Binarized image (A) after only one segmentation
(gray-level thresholding). The nuclei are poorly resolved



Nuclei in hyphae were counted manually with the microscope at a
magnification of 500 x . Nuclei were counted for each selected hyphal
segment along 2 to 3 optical fields (680 pm in diameter). The average
number of nuclei per cm of hypha was expressed for each individual
germinating spore.

Determination of DNA nuclear content

Assuming that emission of fluorescence from mithramycin in the
nucleus was proportional to its DNA content (Coleman etal. 1981)
and exploiting the fact that the CCD has a high sensitivity, pho-
tometric accuracy and linear response (Hiraoka et al. 1987), we used
relative measurements of brightness of the digitalized images to com-
pare the average DNA contents of nuclei in spores of different
physiological stages. After subtracting the average background
brightness from regions where the number of nuclei was known
(> 1000), average nuclear values of brightness were determined and
compared for the spores at 0 and 22 days of germination.

Results

An example of the routine image processing steps used
for counting the nuclei is shown in Fig.2 A-C (see
Materials and methods). Figure 2 D shows the binar-
ized result of only one segmentation (gray-level thresh-
olding) step. If the first segmentation (edge Sobel) is
not made, good discrimination of the nuclei from the
background is impossible because the background is
too variable.

The number of nuclei in normal size (250 pm in di-
ameter) resting spores of G. margarita was close to two
thousand and variable (ranging from 1700 to 3100,
coefficient of variation (CV) 26.3% (Table 1). Less than
half this number of nuclei was found in the small
(167 pm in diameter) spores (ranging from 490 to 1530,
CV 45%). Since they were only a third the size of the
larger one, they contained proportionally more nuclei.
Newly produced in vitro spores, originating from the
same mycelium network grown in a very homogenous
environment, also showed a high variability in their
nuclear content (ranging from 1420 to 2740, CV 30%).
One day after germination (day 3), the number of nuclei
in spores declined (—800) (Fig.3). This number in-
creased slowly later to almost reach the original value
after 3 weeks of hyphal growth.

Table 1. Mean number of nuclei in spores of Gigaspora margarita
before germination

Spore diameter (um) No. of nuclei

Normal size spores 250 (11.5)2 2030 (534)
Small spores 167 (17.6) 831 (374)
In vitro spores 258 (12.0) 1830 (550)

As hyphal elongation progressed, the number of nuclei
per cm of hyphae remained constant (= 460) (Table 2).
Auxiliary cell clusters had an average of 8 cells. Electron
microscopy of thin sections showed an average of 15
nuclei per cell (Montpetit etal., unpubl. results). This
allowed the calculation of the total number of nuclei
produced during in vitro growth of G. margarita
(Fig. 4).

The average nuclear brightness in spores before ger-
mination and after 22 days of growth gave equivalent
average values, 4970 (CV 15.0%) and 5251 (17.8%),
respectively.

Spore germination was not affected by the presence of
aphidicolin. However, hyphal growth stopped after 4
days with a final elongation of 5.1 cm (Table 3). The
7th day, many of the hyphal tips exhibited retracted
cytoplasms and became empty and septate. The num-
bers of nuclei in germ tubes and in spores were one
third and one half of the control values, respectively

2400
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spore nuclei
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Fig. 3. Number of nuclei in germinating spores of Gigaspora mar-
garita after 0, 3, 10, 14, and 22 days of culture. Vertical bars cor-
respond to the standard errors of the means

Table2. Hyphal growth and nuclei production from germinating
spores of Gigaspora margarita after 3, 10, 14, and 22 days of culture

Days  Hyphal length ~ No. of clusters of Nuclei density

(cm) auxiliary cells (cm™! of hypha)
3 1.9 ( 0.4 1.3 (0.8) 473 (14.0)
10 27.8 ( 8.9) 6.5 (2.7) 448 (20.6)
14 39.1.( 4.8) 7.7 (1.9) 466 (20.6)
22 53.7 (14.8) 13.2 (5.3) 456 (30.9)

2Numbers in brackets are standard deviations of the means

2Number in brackets are standard deviations of the means
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Fig. 4. Total number of nuclei produced by germinating spores of
Gigaspora margarita after 0, 3, 10, 14, and 22 days of culture

(Table 3 and Fig. 5). Long segments of branched hy-
phae had no nuclei. We conclude from these obser-
vations that no nuclear division occurred in the pres-
ence of aphidicolin.

Aphidicolin also inhibited growth (50%) of G. mar-
garita in a culture medium without quercetin.

Discussion

Quantification of nuclei in spores of arbuscular my-
corrhizal fungi has been attempted several times. Es-
timates of the number of nuclei have been made either

by direct observation of the stained nuclei (2600 to
3850 for Gigaspora gigantea Nicolson and Gerdemann
and Scutellospora erythropa Koske and Walker, Cook
etal. 1987; over 1000 for Glomus caledonium Nicolson
and Gerdemann, Burggraaf and Beringer 1988), or by
using a model based on several assumptions regarding
the spatial organization of nuclei in the spores (over
20000 for G. caledonium and G. margarita, Burggraaf
and Beringer 1989). The method we used is also based
on the direct observation of all stained nuclei. The high
sensitivity of the camera system, combined with image
processing, obviated the need to estimate the number
of nuclei present in the spores. By using a systematic
procedure, means and standard deviations of actual
numbers of nuclei were determined and comparisons
between spores in different physiological stages were
made. We used mithramycin rather than DAPI because
the former specifically stains DNA, while the latter can
react with polyphosphate and RNA (Allan and Miller
1980, Coleman etal. 1981). Moreover, the lower sen-
sitivity of mithramycin insured that only nuclei would
be detectable and not mitochondria. A total number
of 2000 observed nuclei per spore of G. margarita is
compatible with the range given by Cook etal. (1987)
for the larger spores of G. gigantea. We believe that
the second estimation for the number of nuclei (20 000)
given by Burggraaf and Beringer (1989) was incorrect
as were the assumptions regarding the nuclear orga-
nization that were used to arrive at this value.

It is not known whether nuclear division occurs inside
the forming spore or whether preexisting hyphal ma-

Table 3. Effect of aphidicolin on hyphal growth and nuclei production of germinating spores of Gigaspora margarita after 7 days of culture

Hyphal length No. of clusters

Nuclei density Spore nuclei

(cm) of auxiliary cells (cm™! of germ tube)
Control 12.4 34 822 1690
Aphidicolin S5.1% 24 275* 860*

*Values between the two treatments are significantly different (Student’s ¢ test, P < 0.001)

Fig. 5. Mithramycin stained nuclei in hyphae of Gigaspora margarita grown in the absence (A) or the presence (B) of aphidicolin. Bar: 20 pm
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terial including nuclei is used exclusively during spore
formation. If the second hypothesis is true, one 250 pm
diameter spore must be filled by cytoplasmic material
of approximately 29cm of a 6 um diameter hypha. If
0, a number greater than 2000 nuclei per spore should
be expected unless either the sporulating hyphae have
a lower nuclear density than germinating hyphae (69
nuclei/cm instead of 460) or, as the spore is forming
and mainly filled by lipidic material, there is an exclu-
sion of cytoplasm which includes the nuclei. In either
event, the result gives rise to a great variability in the
number of nuclei in spores, even when they are pro-
duced in vitro.

Our results strongly suggest that nuclear division was
not required for spore germination. The day following
germ tube emergence (day 3), the total number of nuclei
in the hyphae in addition to those remaining in the
spores did not exceed the initial number (see Fig. 4).
Moreover, aphidicolin did not inhibit spore germina-
tion.

In the presence of aphidicolin, however, hyphal growth
stopped on day 4. Considering the high demand for
nuclei (460/cm) during hyphal elongation, this result
is not surprising and indicates that nuclear division
took place soon after spore germination. The aphidi-
colin experiment also showed that, without nuclear
DNA replication, the 800 spore nuclei required for
spore germination could only sustain a maximum of 4
days of growth and 5.1 cm of hyphal elongation.
From spores originally containing 2000 nuclei, 26 000
hyphal nuclei were produced in 22 days. Interestingly,
if germination required approximately 800 nuclei,
spores almost recovered their original number of nuclei
by the end of the 22-day-period. We hypothesize that
there is a continuous exchange of material between
spores and hyphae throughout the growing period. If
the nuclei present in one spore form a population of
different genotypes rather than a clone, this exchange
process insures that daughter spores have the same
variability among their nuclear genotypes.

The fact that no noticeable difference of fluorescence
emission per average nucleus was found in day 0 and
day 22 spores, indicates that there is no difference in
ploidy between the two population of nuclei. The pro-
posal that nuclear division in mycorrhizal fungi during
germination may take place in the absence of DNA
synthesis (Viera and Glenn 1990) does not apply here,
where an average of 13 times the initial number of
nuclei were produced (26 000/2000) over 22 days of
culture.

From our results, we conclude that arbuscular mycor-
rhizal fungi, following spore germination, divide their

nuclei and replicate nuclear DNA in the absence of
their host. This finding contradicts what was recently
proposed by Burggraaf and Beringer (1988, 1989) and
supported by Viera and Glenn (1990). A possible ex-
planation for the discrepancy is that some experiments
(Burggraaf and Beringer 1989) showing negative results
were misinterpreted because the in vitro conditions
used for fungal growth were not optimized. For ex-
ample, the experiment showing no incorporation of
[*H]adenine into DNA was made with 50 spores in-
cubated in water for 4-5 days. We now know that
during this short period which includes germination
time, very little hyphal tissue is produced, almost no
nuclear division has taken place, and as a result, very
few DNA molecules have been synthesized. Conse-
quently, when the germinated spores were cracked open
in a drop of the reagent mixture, most of the DNA to
be analyzed originated from the spores. Therefore,
DNA was not labelled since it was present before ex-
posure to the isotope.

Our study shows that like the synthesis of proteins,
RNA and mitochondrial DNA (Hepper 1979, Beilby
and Kidby 1982), nuclear DNA replication is another
fundamental function that is intrinsically performed by
arbuscular mycorrhizal fungi. This knowledge should
stimulate efforts to grow these microorganism in pure
culture.

Acknowledgements

The authors thank their colleague Peter H. Cooke for technical advice
and both him and David D. Douds for critically reviewing the man-
uscript. Mention of brand or firm names does not constitute an
endorsement by the U.S. Department of Agriculture over others of
a similar nature not mentioned.

References

Allan RA, Miller JJ (1980) Influence of S-adenosylmethionine on
DAPI-induced fluorescence of polyphosphate in the yeast vac-
uole. Can J Microbiol 26: 912-920

Bécard G, Fortin JA (1988) Early events of vesicular-arbuscular
mycorrhiza formation on Ri T-DNA transformed roots. New
Phytol 108: 211-218

— Piché Y (1989 a) New aspects on the acquisition of biotrophic
status by a VAM fungus, Gigaspora margarita. New Phytol 112:
77-83

— — (1989 b) Fungal growth stimulation by CO, and root exudates
in vesicular-arbuscular mycorrhizal symbiosis. Appl Environ Mi-
crobiol 55: 2320-2325

— — (1992) Establishment of VA mycorrhizae in root organ cul-
ture: review and proposed methodology. In: Norris JR, Read
DJ, Varma AK (eds) Methods in microbiology, vol 24. Academic
Press, London, pp 89-108

— Douds DD, Pfeffer PE (1992) Extensive hyphal growth of ves-
icular-arbuscular mycorrhizal fungi in the presence of CO, and
flavonols. Appl Environ Microbiol 58: 821-825



G. Bécard and P. E. Pfeffer: Status of nuclear division in arbuscular mycorrhizal fungi during in vitro development

Beilby JP, Kidby DK (1982) The early synthesis of RNA, protein,
and some associated metabolic events on germinatiftg veficular-
arbuscular mycorrhizal fungal spores of Glomus caledonius. Can
J Microbiol 28: 623-628

Burggraaf AJP, Beringer JE (1988) Nuclear division and VA-my-
corrhizal in vitro culture. In: Sylvia DM, Hung LL, Graham JH
(eds) Mycorrhizae in the next decade. University of Florida,
Gainesville, p 190

— — (1989) Absence of nuclear DNA synthesis”in vesicular-ar-
buscular mycorrhizal fungi during in vitro development. New
Phytol 111: 25-33

Coleman AW, Maguire MJ, Coleman JR (1981) Mithramycin- and
4'-6-diamidino-2-phenylindole (DAPI)-DNA staining for fluo-
rescence microspectrophotometric measurement of DNA in nu-
clei, plastids, and virus particles. J Histochem Cytochem 29: 959-
968 }

Cook JC, Gemma JN, Koske RE (1987) Observations of nuclei in
vesicular-arbuscular mycorrhizal fungi. Mycologia 79: 331-333

Gonzales RC, Wintz P (1987) Digital image processing. Addison-
Wesley, Reading, MA

Heath B (1987) Fluorescent staining of fungal nuclei. In: Fuller MS,
Jaworski A (eds) Zoosporic fungi in teaching and research.
Southeastern Publishing, Greenville, NC, pp 169-171

Hepper CM (1979) Germination and growth of Glomus caledonius
spores: the effects of inhibitors and nutrients. Soil Biol Biochem
11: 269-277

Hiraoka Y, Sedat JW, Agard DA (1987) The use of charge-coupled
device for quantitative optical microscopy of biological struc-
tures. Science 238: 3641

Viera A, Glenn MG (1990) DNA content of vesicular-arbuscular
mycorrhizal fungal spores. Mycologia 82: 263-267

Williams PG (1991) Axenic culture of arbuscular mycorrhizal fungi.
In: Norris JR, Read DJ, Varma AK (eds) Methods of micro-
biology, vol 24. Academic Press, London, pp 203-220



