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The karyotype for Puccinia graminis f.sp. tritici was determined from reconstructions of electron micrographs of serially
sectioned pachytene nuclei. Epifluorescence microscopy was used to select DAPI-stained, pachytene nuclei in teliospore pro-
toplasts from which walls were mechanically removed. Selection increased the probability that pachytene nuclei could be
found in the absence of morphological markers. Six pachytene nuclei were reconstructed from four geographically disparate
North American isolates. One nucleus was used to obtain a computer-enhanced, three-dimensional reconstruction that could
be rendered as rotatable colorized stereo pairs. A karyotype of n = 18 was determined for all six nuclei. The 18 bivalents
varied only slightly in size, each ranging from 3.0 to 8.8% of the total length of the genome. Total genomic lengths also
proved highly comparable among isolates. Centromeres were not found, precluding use of the centromeric index as an aid
in karyotyping. Only the nucleolus-associated bivalent could be cross-correlated among the six reconstructed nuclei. Heter-
ogeneity in length among, but not within, isolates was observed for this bivalent, suggesting that chromosome length may
be polymorphic in P. graminis f.sp. tritici, despite a constant total number of chromosomes.
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Le caryotype du Puccinia graminis f.sp. tritici a été déterminé par reconstructions effectuées a partir de micrographies
sériées en microscopie électronique, de noyaux en stade pachyténe. La microscopie en épifluorescence et la coloration DAPL
ont été utilisées pour sélectionner les noyaux en stade pachytene & partir de protoplastes de téliospores, obtenus mécanique-
ment. La sélection augmente la probabilité de trouver des noyaux en pachyténe, en absence de marqueurs morphologiques.
Les auteurs ont reconstruit six noyaux pachyténes en provenance de six isolats géographiquement disparates de I’Amérique
du Nord. Un des noyaux a été utilisé dans une reconstruction tri-dimensionnelle & haut contraste assistée par ordinateur; cette
reconstruction permet I’examen stéréoscopique avec rotation de I’image. On a retrouvé un caryotype n = 18 chez les six
noyaux. La dimension des 18 bivalents ne varie que légérement, chacun se situant entre 3,0 et 8,8% de la longueur totale
du génome. Les longueurs génomiques totales se sont avérées également trés comparables entre isolats. Il n’a pas été possible
d’observer des centromeéres, ce qui exclut la possibilité d’utiliser I’index centromérique pour définir le caryotype. Seul le
bivalent associé au nucléole a pu étre localisé d’un noyau a ’autre parmi les six noyaux reconstitués. On observe une hétéro-
gnéité en longueur entre les isolats mais non pour un méme isolat chez ce bivalent, ce qui suggere que la longueur du chromo-
some pourrait étre polymorphique chez le P. graminis f.sp. tritici, en dépit du fait que le nombre de chromosomes soit
constant.
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[Traduit par la rédaction]
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Puccinia graminis Pers.:Pers. f.sp. tritici Eriks. & Henn.
and the disease it causes, black stem rust of wheat, have served
as a paradigm for plant pathologists, primarily owing to the
importance of the host and the severities of past epidemics
(Roelfs 1985). Puccinia graminis f.sp. tritici is a heteroecious,
macrocyclic member of the Uredinales producing uredinio-
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spores, teliospores, and basidiospores on Triticum and a num-
ber of other genera in the tribe Hordeae, and pycniospores and
aeciospores on several species of Mahonia, Berberis, and their
hybrids (Cummins 1971; Urban and Markova 1984).
Genome characterization, particularly the determination of
the number of chromosomes, is a prerequisite for understand-
ing the genetics of P. graminis f.sp. tritici. Although a number
of genetic studies have been reported for this fungus (Burdon
et al. 1986; Green 1964; Johnson 1949; Luig and Watson
1961; Roelfs and Groth 1988; Stakman et al. 1930), crosses
are difficult, and not enough genetic evidence exists to indicate
the number of linkage groups. The estimated haploid chromo-
some number based on light microscopy of P. graminis f.sp.
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tritici is six (Maclean et al. 1974; McGinnis 1953; Williams
and Hartley 1971). However, the chromosomes are not well
defined in the published photomicrographs, and earlier light
microscopic chromosome counts in other fungi have often
proved erroneous when reanalyzed ultrastructurally (Braselton
1982; Carmi et al. 1978; Harris et al. 1980; Maniotis 1980;
Tanaka et al. 1982).

Unlike in other eukaryotes where chromosome counts are
traditionally made at late diplonema or diakinesis, the pre-
ferred stage in fungi to determine the karyotype is pachynema
of meiotic prophase I (Raju 1978). In pachynema the paired
homologous chromosomes, i.e., bivalents, are at their greatest
length and are associated with distinct tripartite synaptonemal
complexes that begin and terminate on the nuclear envelope
(Gull and Newsam 1975; von Wettstein ez al. 1984). In fungi
with few chromosomes, individual pachytene bivalents can be
resolved with bright field or epifluorescence microscopy
(Guzman et al. 1982; Leung and Williams 1987; Pukkila and
Lu 1985; Raju 1986; Singleton 1953). This is not feasible in
P. graminis f.sp. tritici because of the opacity of the pig-
mented teliospore (in which karyogamy and meiotic prophase
I occur), the small size of the fusion nucleus, and the presence
of many small chromosomes.

Ultrastructurally derived reconstructions of sectioned fungal
pachytene nuclei (Boehm and McLaughlin 1991; Braselton
1982, 1984; Byers and Goetsch 1975; Carmi er al. 1978;
Gillies 1972; Holm et al. 1981; Slezec 1984; Tanaka et al.
1982; Zickler 1977) and two-dimensional spreads of fungal
pachytene bivalents (Dresser and Giroux 1988; Pukkila and
Lu 1985) provide definitive means of resolving complex
karyotypes. However, the accuracy with which pachytene
nuclei are selected determines whether the full bivalent com-
plement can be resolved since nonsynapsed homologues are
difficult to interpret ultrastructurally (Dresser and Giroux
1988; von Wettstein er al. 1984; Zickler 1977). Recently, a
selection procedure has been developed that increases the
probability of finding fungal nuclei in pachynema for serial
sectioning and reconstruction (Boehm and McLaughlin 1991).
Epifluorescence microscopy allows pachynema to be identi-
fied in a population of heterogeneous fusion nuclei where no
morphological features are available to differentiate meiotic
prophase I stages, as in the rust fungi.

Here we reevaluate the karyotype for P. graminis f.sp.
tritici using electron microscopy of serially sectioned pachy-
tene nuclei that were selected using epifluorescence micros-
copy. Six nuclei from teliospores of four North American
isolates of P. graminis f.sp. tritici, representative of both sex-
ual and asexual populations, were manually reconstructed.
Reconstructions of synaptonemal complexes provided both a
karyotype and an analysis of bivalent lengths. Data from one
of the nuclei were digitized and used to obtain a three-
dimensional computer reconstruction that could be rendered as
rotatable stereo pairs.

Materials and methods

Isolates and teliospore production

Several isolates of P. graminis f.sp. tritici were screened for their
ability to produce telia quickly on seedlings, since most isolates
require several months on adult plants for telial production in the
field. Four North American isolates that produced telia on seedlings
were found: one from a presumptive sexual population, SZA 2
(Washington state; CRL 75-45-1781-3; race Pgt-GCB), and three
from presumptive asexual populations (Roelfs and Groth 1988),
SZA 12 (Texas; CRL 75-41-700B; race Pgt-RTH), SZA 14 (Texas;

CRL 59-41-45B; race Pgt-HKC), and SZA 17 (Virginia; CRL
72-44-703C; race Pgt-QTH). Race designation follows Roelfs and
Martens (1988). Urediniospores of those isolates were suspended in
lightweight mineral oil and inoculated onto 5-day-old, susceptible,
McNair 701 (C1 15288) wheat seedlings (Rowell 1984). Only the api-
cal half of the young, emerging seedling leaf was exposed to inocu-
lum, which extended viability of infected leaves in the greenhouse.
Urediniospores began to be produced 7 —8 days after inoculation, and
uredinia changed to telia at the end of the 3rd week.

To determine when pachynema occurred in the development of the
teliospore, wheat seedling leaves were harvested during the course of
telial maturation so that the following three developmental stages
were obtained: (i) young telia containing nonpigmented or hyaline
teliospores (21 days after inoculation); (ii) older telia containing
populations of both pigmented and hyaline teliospores (28 —35 days
after inoculation); and (iii) mature pigmented telia collected at the
end of the 6th week on senescent seedlings. Also used were over-
wintered telia of an unidentified Minnesota field isolate that had been
produced on adult plants and maintained in dry storage at 4°C. Sam-
ples were prepared for transmission electron microscopy by fixing
small leaf fragments bearing telia at 4°C with 2% glutaraldehyde in
a 0.1 M potassium phosphate buffer, pH 7.2, and could be stored up
to 2 months at 4°C in the primary fixative.

Protoplast production

Nuclei of mature, pigmented teliospores did not fluoresce under
epifluorescence microscopy (presumably owing to the ultraviolet
opacity of the pigmented wall and (or) the inability of DNA-binding
fluorochromes to penetrate); thus, a procedure was developed to
generate teliospore protoplasts by mechanically removing spore
walls. Fixed telia were vortexed and then ground manually with a
glass rod in a 1.5-mL microfuge tube containing a 5:1 mixture of
0.25 mm glass beads (B. Braun Melsungen AG, Germany) and fixa-
tive to release teliospore protoplasts (Olson and Eden 1977). Release
of protoplasts was monitored by light microscopy and was continued
until approximately half of the teliospores were empty. Further grind-
ing destroyed the integrity of released protoplasts. Pretreatment with
5 mg/mL of Novozyme 234 (Novo Industri A/S, Bagsvaerd,
Denmark) or grinding teliospores with glass beads in the absence of
fixation did not yield appreciable amounts of protoplasts.

Selection and sectioning of nuclei

Teliospore protoplasts were immobilized on cover slips so that the
same cell viewed under epifluorescence could be serially sectioned
for transmission electron microscopy in a modification of previously
reported methodologies (Boehm and McLaughlin 1991; Bourett and
McLaughlin 1986; Taylor 1984). Briefly, acetone-cleaned, No. 2
cover slips were sprayed with a dry film lubricant (Crown Industrial
Products Co., Hebron, I11.) and coated with poly-L lysine. The lubri-
cant coating allowed for the separation of the resin wafer from the
cover slip following flat embedment, while the poly-L lysine allowed
for the adherence of protoplasts to the cover slip during selection.
Fixed telial protoplasts were allowed to settle onto coated cover slips
and briefly blotted to remove excess fixative. To further affix pro-
toplasts the cover slips were dipped in 0.5% water agar at 38°C and
blotted to insure a thin film.

Cover slips were prepared for epifluorescence microscopy by invert-
ing them cell-side down onto depression slides containing the fixative
and 0.25 pg/mL 4-6-diamidino-2-phenylindole (DAPI; Sigma Chem-
ical Co., St. Louis, Mo.) and anchoring them to the slide with
Parafilm strips. Samples were destained by introducing glutaralde-
hyde fixative under the cover slip. Nuclei were examined with a Zeiss
standard microscope equipped for epifluorescence with a 50-W mer-
cury lamp, appropriate filter set (G365 exciter filter, LP 420 barrier
filter, FT 395 dichroic mirror), and a Zeiss 100</1.3 n.a. Neofluor
objective lens.

Telial protoplasts containing nuclei with condensed bivalents,
interpreted to be in pachynema, were marked with an objective-
mounted diamond scribe. Individually scribed protoplasts were
photographed at low magnification for mapping purposes for their
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subsequent retrieval. Protoplasts closest to the cover slip were
selected, since they would eventually lie closest to the resin surface
for sectioning. Scribed cover slips bearing selected nuclei were osmi-
cated and processed for flat embedment and transmission electron
microscopy as reported elsewhere (Boehm and McLaughlin 1989).

Complete serial sections were obtained for each protoplast using
a Reichert-Jung Ultracut E microtome. Semithin serial sections
(0.25 pm) were used rather than standard thin sections (0.10 xm) to
minimize the number required to include the complete nucleus.
Approximately 70 sections were required to section fully the telial
protoplast. Carbon-stabilized, Formvar-coated single-slot, 2 X 1 mm
grids containing serial sections were stained at 30°C for 20 min in
methanol containing 1.5% uranyl acetate and 1 % dimethy! sulfoxide,
rinsed, and stained for 15 min in 0.2% lead citrate — NaOH at room
temperature. Micrographs were taken at 10000 X with a Hitachi
H-600 transmission electron microscope operated at 75 kV, and
prints were enlarged 2.5 X for reconstruction purposes.

Reconstructions

To manually reconstruct the six pachytene nuclei, individual synap-
tonemal complex profiles from each serial section were traced onto
a series of acetate overlays and superimposed to derive a composite
image of the nucleus as in Boehm and McLaughlin (1991) and Brasel-
ton (1987). Bivalent length calculations employed the Pythagorean
theorem as described by Gillies (1972).

One of the six nuclei was reconstructed using computer programs
developed for this purpose (J. C. Wenstrom, unpublished data) at the
Biological Image Processing Laboratory, University of Minnesota.
Acetate tracings of synaptonemal complex profiles from each micro-
graph were scanned with a MTI Newvicon camera attached to a
Model 75 image processor (International Imaging Systems, Milpitas,
Calif.) hosted by a Concurrent 5600 computer (Concurrent Computer
Corporation, Westford, Mass.). Images of serial sections were
registered by overlaying the live video image of a section with the
master acetate tracings and previously acquired images, and moving
the tracing under the camera for best alignhment. Images were then
transferred to an IRIS 2400 Turbo graphics workstation (Silicon
Graphics, Mountain View, Calif.) for extraction of feature coor-
dinates. Consecutive sections were linked with a cardinal spline
curve. It was necessary to interpolate interactively in the z-axis
between section boundaries to fit the curve to tracings from each sec-
tion. A Wavefront Model program (Wavefront Technologies, Santa
Barbara, Calif.) was used to survey the synaptonemal complex pro-
file in three dimensions and to assemble wireframe views of the
reconstructed nucleus. Final rendering was accomplished with Pixar
ChapReyes software (Pixar, San Rafael, Calif.) on a Pixar II image
computer (Vicom Systems, Fremont, Calif.) hosted by a Sun 3-110
computer (Sun Microsystems, Mountain View, Calif.). Space curve
data were transferred from the IRIS to the Sun computer and assem-
bled into ChapReyes compatible Bezier bicubic patch data using
locally written programs (J. C. Wenstrom, unpublished data).?

Results

Timing of pachytene

Nuclei in young, thin-walled, hyaline teliospores were amen-
able to epifluorescence microscopy using DAPI without
removal of the spore wall (Figs. 1 and 2). However, nuclei in
more mature teliospores could not be seen by epifluorescence
using DAPI (Figs. 1 and 2) unless the thick, pigmented wall
was first removed (Fig. 3). DAPI-stained nuclei in such wall-
less teliospore protoplasts could then be directly visualized
using bright field and epifluorescence microscopy (Figs. 4—7).

The relative abundance of hyaline and pigmented teliospores

3Further details of the acquisition process and the generation of
wireframe and Bezier bicubic graphics are available upon request
from E. W. A. Boehm.

depended on the age of the telia. Telia fixed 21 days after
inoculation contained an abundance of urediniospores, some
young teliospores with thin, hyaline walls, and no teliospores
with thick, pigmented walls. Most of the teliospores contained
a pair of presumptive haploid prekaryogamy nuclei situated
medially within each spore cell. A few teliospores contained
in each cell one fusion nucleus that stained homogeneously.
These were judged not to be in pachynema and were not used
for reconstruction purposes.

At 28 —35 days after inoculation, telia contained few ure-
diniospores and a mixture of pigmented and unpigmented
developing teliospores (Figs. 1 and 2). Three types of nuclear
configurations per teliospore cell were observed following
protoplasting: (i) two prekaryogamy nuclei; (if) a single fusion
nucleus that fluoresced homogeneously (Fig. 5); and (iii) a
single fusion nucleus that contained fluorescing strands inter-
preted to be bivalents (Fig. 7). Pachynema was verified by the
presence of synaptonemal complexes at the ultrastructural
level when the same cell was sectioned and examined with
transmission electron microscopy (Figs. 6—8). Protoplasts
derived from such teliospores were used for subsequent recon-
structions.

At 42 days after inoculation, all teliospores were pigmented,
all had fusion nuclei, and following protoplasting, most
stained homogeneously. Few nuclei with condensed, fluor-
escing bivalents were seen. The exact frequency of nuclear
types in non-overwintered telia of different ages was not deter-
mined. However, all protoplasts derived from overwintered
teliospores contained homogeneously stained nuclei, and none
showed evidence of being in pachynema.

Using epifluorescence microscopy, it was not possible to
distinguish homogeneously stained nuclei in different stages of
meiotic prophase [, i.e., pre- and post-pachynema, as has been
done in yeast (Dresser and Giroux 1988). Ultrastructurally,
homogeneously stained nuclei from non-overwintered material
contained either fragments of synaptonemal complexes or
decondensed chromatin with no evidence of synapsis (not
illustrated). Overwintered homogeneously stained nuclei were
not sectioned for ultrastructural analysis.

Reconstructions

Fusion nuclei judged to be at or near pachynema using epi-
fluorescence microscopy varied in the degree of chromatin
condensation at the ultrastructural level. Although the major-
ity of preselected nuclei contained synaptonemal complexes,
many proved to be in either early or late pachynema and could
not be used for reconstruction purposes. Of a total of 227
selected nuclei, 63 were sectioned and about 40 were suc-
cessfully harvested as complete serial ribbons and observed
ultrastructurally. Of these, 14 of the most promising were
photographed, but only six nuclei resulted in complete recon-
structions. The other eight nuclei possessed incompletely syn-
apsed bivalents and (or) bivalents with extensive regions of
lateral chromatin spread that precluded accurate reconstruc-
tions.

Manual reconstructions of serially sectioned pachytene nuclei
allowed two-dimensional composite line drawings to be gener-
ated, from which chromosome number and length could be
determined. Figures 9— 19 illustrate the process of following
individual bivalents through a set of serial sections to generate
a manual reconstruction for nucleus A from the Washington
isolate SZA 2 (Table 1). This nucleus is half-reconstructed in
Fig. 20 and presented in full in Fig. 21. Except for those biva-
lents oriented in or near the plane of section, the two-dimen-
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FiGs. 6—8. Bright field, epifluorescence and transmission electron micrographs of the same Puccinia graminis f.sp. tritici telial protoplast
(Texas isolate SZA 14), derived from telia fixed about 30 days after inoculation, containing a fusion nucleus in pachynema (arrows). Note
that pachytene bivalents can be detected in Fig. 6 as distinct dark strands, while in Fig. 7 they form fluorescent strands. Figure 8 presents
a medial serial section through the telial protoplast and illustrates the nucleolus (Nu), fragments of synaptonemal complexes, and numerous

vesicles. Bars = 10 um.

sional composite line drawing (Fig. 21) gives a foreshortened
view of bivalent length; furthermore, the equidistant spatial
relationships among the bivalents are not evident.

A computer-enhanced reconstruction in which the bivalents
could be rotated and viewed from any angle was also gener-
ated for nucleus A. The bivalents in the wireframe model are
presented without perspective as an orthographic projection
(Fig. 22). The nucleolus, associated with the bivalent carrying
the nucleolus organizing region (NOR), is represented dia-
grammatically. The wireframe model of nucleus A (Fig. 22)
was converted into space-filling Bezier bicubic patches, assigned
colors and rendered as rotatable stereo pairs for a true three-
dimensional representation of the pachytene nucleus (Figs.

23—-26). The stereo views are presented in a perspective
orientation, where bivalents in the foreground appear larger
than those in the background; the nucleolus and nuclear
envelope are omitted for clarity. The orientation of nucleus A
in Figs. 20—23 is the same (i.e., 0°), while those in Figs. 24,
25, and 26 are 45°, 90°, and 135° with respect to Figs.
20—-23.

Bivalent number and length calculations

The six pachytene nuclei manually reconstructed for P. grami-
nis f.sp. tritici represented four isolates from three geographi-
cally dispersed sources (Table 1). All nuclei contained 18
distinct bivalents, representing 36 synapsed chromosomes.

F1G. 1. A developing telium of Puccinia graminis f.sp. tritici (Texas isolate SZA 14), fixed 28 —35 days after inoculation, containing both
mature, pigmented teliospores (arrowheads) and young, hyaline teliospores (arrows) and paraphyses. Bright field microscopy. Fic. 2. The same
telium as illustrated in Fig. 1 using epifluorescence microscopy; arrows and arrowheads are similarly placed in both figures. DAPI-stained
nuclei, two per teliospore cell, are visible only in the young hyaline teliospores (arrows). Nuclei are not visible in the four melanized teliospores
(arrowheads) under epifluorescence microscopy. Bars = 25 pm. FIG. 3. Mechanically released teliospore protoplast (P) from a lower teliospore
cell, following fixation and grinding with glass beads. The protoplast is partially emerged from the teliospore wall (arrowheads) and contains
the fusion nucleus (arrow). Bar = 8 um. FiGs. 4 and 5. Bright field and epifluorescence micrographs of a DAPI-stained, teliospore protoplast
(Washington state isolate SZA 2) derived from telia fixed 28 —35 days after inoculation. The homogencously stained fusion nucleus (arrow)

is either in pre- or post-pachynecma. Bars = 10 pm.





























