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ABSTRACT

Boehm, E. W. A., and Bushnell, W. R. 1992, An ultrastructural pachytene karyotype for Melampsora lini. Phytopathology 82:1212-1218.

An ultrastructural karyotype was derived from five serially sectioned
pachytene nuclei of two isolates of Melampsora lini. Each of the five
reconstructed nuclei contained 18 distinct bivalents, which terminated
at both ends on the nuclear envelope and represented 36 chromosomes
homologously paired as synaptonemal complexes. The 18 bivalents formed
a finely graded series of lengths ranging from 3.2 to 9.0% of the total
length of all bivalents. No centromeres were resolved, precluding the use
of the centromeric index as an aid in classification of bivalents. The
only bivalent that could be identified among the five reconstructed nuclei
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was the one in terminal association with the nucleolus. Because no
morphological changes accompany the progression of meiotic prophase
I stages in the rust teliospore, nuclei at or near mid-pachynema were
identified by using epifluorescence microscopy of fixed teliospore pro-
toplasts stained with 4,6-diamidino-2-phenylindole (DAPI) from which
walls were mechanically removed. The M. lini karyotype of n = 18 is
significantly larger than that previously reported in the literature and
agrees with the high number of virulence genes reported to segregate
independently.

Melampsora lini (Ehrenb.) Desmaz., causal agent of flax rust
on Linum usitatissimum L., has served as a model for under-
standing the genetics governing race-specific host pathogen inter-
actions. Early studies by Flor (15-18) showed that virulence in
M. lini 1o flax varieties with single genes for resistance segregated
in monofactorial ratios and that virulence to varieties with two,
three, and four resistance genes segregated in bi-, tri-, and tetra-
factorial ratios. From these results, Flor (19) developed the gene-
for-gene model that has subsequently been confirmed and ex-
tended by others to include not only flax rust (33,51), but many
other host-parasite systems (reviewed by Flor [20] and Person
[40)).

Single gene segregation ratios in M. lini have been obtained
for virulence on flax differentials possessing 27 of the 30 presently
known resistance genes (32,53). Some of these 27 genetic markers
occur in groups in which the avirulence genes within each group
are sufficiently tightly linked so that they are usually inherited
as a unit. Four such groups containing four, three, three, and
two avirulence genes have been identified (32). Each of these
groups can represent a single locus in broad scale gene-mapping
studies. As a consequence, the number of “effective” virulence
loci identified in M. lini is not 27 but 19. Kapooria (30) estimated
the haploid chromosome number of M. lini as n = 5 or 6 on
the basis of light microscope observations of aceto-carmine-
stained basidiospores. If the 19 loci were restricted to five or
six chromosomes, then it might be expected that a greater degree
of linkage would have been detected among them, even allowing
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that loose linkages might not be detected because of the relatively
small number of progeny in most of the crosses and that some
pairwise combinations of loci cannot be tested for linkage because
segregation at these loci has not occurred in the same family
(G. J. Lawrence, personal communication). The apparent dis-
parity between the number of linkage groups identified and the
estimated number of chromosomes could be due to a high
frequency of crossovers at meiosis. Alternatively, the true number
of chromosomes possessed by M. lini might be greater than the
five or six estimated by Kapooria (30).

In fungi that undergo meiosis, the preferred stage for de-
termining the karyotype is pachynema of meiotic prophase I
(10,35,43,45,55). In this stage, chromosomes are present as paired
homologues (i.e., bivalents) and achieve their greatest lateral
condensation and cytological length in association with morpho-
logically distinct synaptonemal complexes, as reviewed by von
Wettstein et al (54). However, fungal pachytene bivalents are
generally small and difficult to distinguish clearly by light micro-
scopy, except in fungi with relatively low numbers of chromosomes
(24,34,48) or in those fungi in which successful two-dimensional
spreads of silver-stained pachytene bivalents allow for an accurate
count (42,44).

Reliable ultrastructural analysis of fungal chromosome
numbers has utilized either the two-dimensional spread technique
(13,22,42) or three-dimensional reconstructions of serially sec-
tioned pachytene nuclei (4,6-9,11,12,21,26,29,50,52,55). Fungal
karyotypes derived by these methods are considered definitive
because synaptonemal complex reconstructions account for all
chromosomes (10,35,54). On the other hand, many fungal karyo-
types derived by light microscopy have proved erroneous when
re-analyzed by the pachytene reconstruction method (7,12,26,
35,52). In this paper, we present the ultrastructural pachytene



karyotype for five nuclei of two closely related North American
M. lini isolates.

MATERIALS AND METHODS

Isolates. One isolate each of races 01 and 210 of M. lini were
used in this study. Both were of North American origin (17) and
were supplied by G. D. Statler (North Dakota State University,
Fargo, ND). Races 210 and 01 are avirulent on 23 and 25 of
the 29 standard flax differentials, respectively; both races are
virulent on the same four differentials possessing M,, Lq, L,, and
M, resistance genes. Race 210 is differentiated from 01 only on
the basis of its virulence to resistance genes P (cv. Koto; CI 842)
and Lj; (cv. Bolley Golden Sel; CI 1183) (17; G. D. Statler,
personal communication).

Telia production. Flax seedlings, cv. Bison (CI 389), were grown
generally by following methods of Gold and Statler (23). Nine-
day-old plants were inoculated with urediniospores of each race
suspended in 3 M Fluoroinert (FC-43). After inoculation, seed-
lings were maintained in a dew chamber without light for 18 h
and then transferred to growth chambers at 18 C with a 10-h
daily light cycle.

Telia of both races developed 5-6 wk after inoculation, primarily
on stems. Stem segments, 5 mm in length, bearing young telia,
and characterized by yellow-orange centers with few pigmented
teliospores, were harvested and immersed in the primary fixative
(2% glutaraldehyde, 5% acrolein [Kodak 113-6298], 0.019 Triton
X-100 in 0.1 M phosphate buffer, pH 8.0) at 4 C. Acrolein and
detergent were added to increase efficiency of penetration, because
teliospores of M. lini develop subepidermally.

Pachytene nuclear selection for ultrastructural analysis. No
morphological changes accompany the progression of meiotic
prophase I stages in the rust fungi. Pachynema and, indeed, all
of meiotic prophase I up to diakinesis occur in a thick-walled,
pigmented teliospore (7,37,38). A procedure for selecting fusion
nuclei at or near mid-pachynema by epifluorescence microscopy
before serial sectioning has been described previously (7). In
this procedure, fixed teliospore protoplasts are stained with DAPI
(4,6-diamidino-2-phenylindole) and viewed by epifluorescence mi-
croscopy. Nuclei at or near pachynema are then identified on
the basis of the degree of chromatin condensation. The procedure
combines the approaches of Olson and Eden (39) for generating
intact, fixed meiosporangial protoplasts and those of Dresser and
Giroux (13) and Raju (43) for identifying, with epifluorescence

Figs. 1-8. Bright field and epifluorescence micrographs of fixed, mechanically released, DAPI-stained teliospore protoplasts of Melampsora lini.
Each pair of figures illustrates the same protoplast viewed with either bright field (I, 3, 5, and 7) or epifluorescence microscopy (2, 4, 6, and
8). Bar = 5 um. Arrows denote nuclei. 1 and 2, A teliospore protoplast with two medially situated haploid, prekaryogamic nuclei. 3 and 4, A
teliospore protoplast containing a single postkaryogamic fusion nucleus that fluoresces homogeneously with little evidence of discrete chromatin.
This nucleus is interpreted as being in leptonema; it has just undergone karyogamy. 5 and 6, A teliospore protoplast containing a fusion nucleus
with some degree of chromatin condensation, as compared to Figure 6, interpreted as either zygonema or diplonema. 7 and 8, A teliospore protoplast
containing a fusion nucleus with a high degree of chromatin condensation, which was interpreted as pachynema.
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microscopy and DNA-binding fluorochromes, various stages of
fungal meiotic prophase I, including pachynema.

Procedures for selecting nuclei, including transmission electron
microscopy (TEM), three-dimensional reconstructions of serially
sectioned pachytene nuclei, and derivation of karyotype and
calculated bivalent lengths, were essentially as described by Boehm
and McLaughlin (6). Of a total of 95 presumptive pachytene nuclei
selected with epifluorescence microscopy, 32 were sectioned, and
about 24 were successfully harvested as complete serial ribbons
and observed ultrastructurally. Of these, 11 were photographed
as a series, and five resulted in complete reconstructions, Three
of the reconstructed nuclei were of race 210, and two were of
race 01.

RESULTS

Teliospore protoplasts and nuclear selection. Nuclei of DAPI-
stained pigmented teliospores of M. lini were not amenable to
epifluorescence microscopy unless the wall was first removed,
a situation similar to that found for Puccinia graminis f. sp. tritici
(7). Although very young hyaline teliospores, harboring prekaryo-
gamic nuclei, fluoresced without wall removal (not illustrated),
any degree of wall pigmentation interfered. Mechanically releasing
protoplasts from fixed teliospores allowed the degree of chromatin
condensation to be directly visualized by epifluorescence micro-
scopy so that nuclei at or near pachynema could be selected for
serial sectioning and TEM.

Telia selected for this study were collected at the beginning
of the sixth week after inoculation, when the majority of the
teliospores were in the early stages of the pigmentation process.
Protoplasts from these young telia contained both pre- and
postkaryogamic nuclei, the latter in various phases of meiotic
prophase I. Prekaryogamic nuclei (Figs. 1,2) were usually medially
situated in the teliospore protoplast and composed about 12%
of the fluorescing nuclei from these telia.

Most of the teliospores in these telia contained postkaryogamic,
fusion nuclei (Figs. 3-8). More than 85% of the fusion nuclei
fluoresced homogeneously and showed little, if any, evidence of
discrete chromosomes (Figs. 3,4). These nuclei were presumed
to have just undergone karyogamy and, thus, were in the earliest
stages of meiotic prophase 1 (leptonema). In fungi, leptonema
is characterized by relatively diffuse chromatin with a pronounced
lack of lateral chromatin condensation (13,48,54,55).

TABLE 1. Individual bivalents ranked by relative length for Melampsora lini

As meiotic prophase I proceeds, successive degrees of chromatin
condensation occur as the homologous pairs of chromosomes
prepare for synapsis (zygonema), culminating in the highest degree
of lateral chromatin condensation in pachynema, followed by
decondensation in diplonema and diakinesis (54,55). Figures 5-8
illustrate two of these latter meiotic prophase I stages. The fusion
nucleus in Figure 6 is interpreted as being either in zygonema
or in diplonema (i.e., characterized by a degree of chromatin
condensation intermediate between pachynema and either lep-
tonema or diakinesis). Assignment of this nucleus to either zy-
gonema or diplonema was not possible because these stages are
not readily identified with epifluorescence microscopy (13). Non-
pachytene nuclei (Fig. 6) often contained degrees of chromatin
condensation similar to those found in pachytene nuclei (Fig.
8) and were sometimes selected by mistake.

Pachytene nuclei selected for serial sectioning in this study
resembled the one illustrated in Figure 8. Typically, these nuclei
possessed highly condensed fluorescing strands. The strands could
not be seen clearly enough to derive the chromosome number
but were interpreted as bivalents indicative of pachynema. These
nuclear types composed about 4% of the fluorescing fusion nucleus
population. Pachynema was verified in such nuclei by the presence
of distinct synaptonemal complexes at the ultrastructural level
when the same cell viewed with epifluorescence microscopy was
serially sectioned for TEM.

Reconstructions of synaptonemal complexes. An entire M. lini
pachytene nucleus (nucleus A, Table 1), serially sectioned to
display the continuity of synaptonemal complex profiles from
section to section, is presented in Figures 9-38. Full reconstruc-
tions of this nucleus are presented in Figures 39 and 40. This
series of micrographs illustrates the process by which fragments
of the tripartite synaptonemal complex, in consecutive sections,
may be followed to determine the individuality of each bivalent
and the karyotype. Bivalents are dispersed, as if by repulsion,
so that the distance from each to its nearest neighbor is approxi-
mately equal. Also, each bivalent begins and terminates on the
nuclear envelope. These characteristics facilitate reconstruction
of the karyotype. In this series of micrographs, the pachytene
spindle pole body (Spb) is illustrated in Figures 10-12 and the
nucleolus (Nu) in Figures 16-23. In each section, individual synap-
tonemal complex fragments are numbered according to the
bivalent they represent and correspond numerically to those in
Table 1 for nucleus A. Some bivalents span only a few sections

Relative length (%/ pm)*

Race 210 Race 01
Rank A® B C D E
1 3.2 (4.39) 3.8 (5.06) 3.7(5.53) 3.5(4.72) 3.4 (4.69)
2 3.9 (5.45) 3.9(5.21) 4.0 (5.89) 3.9(5.24) 3.7(5.1D)*
3 4.0 (5.49) 4.1(5.42) 4.1 (6.37)*¢ 4.0 (5.41) 4.2 (5.80)
4 4.2 (5.80) 4.2 (5.54) 4.2 (6.38) 4.1 (5.54)* 4.2 (5.87)
5 4.4 (6.06) 4.2 (5.61) 4.6 (6.68) 4.4 (5.90) 4.3 (5.94)
6 4.5 (6.21)* 4.8 (6.35) 4.7 (6.74) 4.5(6.01) 4.5 (6.21)
7 4.8 (6.59) 4.8 (6.42)* 4.9 (7.32) 4.6 (6.15) 4.8 (6.63)
8 4.9 (6.83) 5.4 (7.08) 5.2 (7.38) 5.1(6.84) 5.2(7.18)
9 5.0 (6.90) 5.4 (7.09) 5.2(7.43) 5.2(6.93) 5.2(7.23)
10 5.3(7.28) 5.4(7.12) 5.3(7.92) 5.3 (7.03) 5.5 (7.60)
11 5.4 (7.44) 5.4(7.12) 5.4 (8.36) 5.4 (7.25) 5.6 (7.73)
12 5.9 (8.15) 5.9 (7.78) 5.8 (8.59) 5.8 (7.78) 5.7(7.87)
13 6.1 (8.44) 6.0 (7.99) 6.1 (8.81) 5.9(7.83) 5.8 (8.01)
14 6.6 (9.13) 6.2 (8.20) 6.5(9.31) 6.3 (8.44) 6.5 (8.98)
15 6.6 (9.13) 6.6 (8.69) 6.5 (9.84) 6.4 (8.60) 6.5 (9.01)
16 7.9 (10.83) 6.9 (9.12) 6.8 (10.04) 7.2(9.67) 7.0 (9.67)
17 8.1(11.12) 7.9 (10.46) 8.2 (10.46) 8.5 (11.44) 8.4 (11.60)
18 8.3 (11.40) 8.3 (10.99) 8.3(11.92) 9.0 (12.02) 8.6 (11.86)

*Relative length is the percentage of the total calculated cytological length of the genome. Values in parentheses are in micrometers and are averages

of the two lateral elements.

" Letters indicate nucleus. Total lengths and volumes are as follows: A, 136.6 um and 221.0 ym® B, 131.2 gm and 179.5 um’; C, 142.2 pm and

147.8 um’; D, 132.8 um and 183.2 pym?; E, 138.1 um and 192.7 um’.
©* Indicates NOR-associated bivalent.
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(bivalents 1 and 9 in Figs. 33-38 and 17-21, respectively) and
most span a moderate number of sections (bivalent 2 in Figs.
19-28), whereas others traverse almost the entire nucleus (bivalent
12 in Figs. 14-33). Generally, longer bivalents tended to span
more sections than shorter bivalents, although this was not always
the case.

In M. lini, the tripartite synaptonemal complex was not as
clearly defined as in other heterobasidiomycetes analyzed by the
pachytene reconstruction method (4,6,7). With these other fungi,
the central element of the synaptonemal complex was used as
representative of total bivalent length. In M. lini, the central
clement was often discontinuous from section to section (Figs.
9-38), which precluded its use in measuring bivalent length. The
discontinuities may have been due to the incorporation of high
concentrations of detergent in the primary fixative (Materials and

Methods). Bivalent lengths, therefore, were calculated by
averaging the length of the two lateral elements. No clearly defined
centromeric regions were resolved at the ultrastructural level for
M. lini, which precluded the use of the centromeric index for
facilitating cross-correlation of bivalents among replicates. Width
of the lateral elements was more or less constant along the length
of a given bivalent (Figs. 9-38).

Bivalent number and length. Each of the five reconstructed
pachytene nuclei in M. lini contained 18 distinct bivalents, repre-
senting 36 synapsed homologous chromosomes (Table 1). The
I8 bivalents ranged from 4.39 to 12.02 um in length. Relative
length (i.e., percentage of the total cytological length) for each
bivalent was 3.2-9.0% (Table 1). Bivalents are numbered in order
of increasing length in Table 1. Total length of all bivalents was
similar among the five reconstructed nuclei, ranging from 131.2

Figs. 9-40. An entire pachytene nucleus of Melampsora lini (nucleus A in Table 1) serially sectioned to display the continuity of synaptonemal
complex profiles from section to section. This series of electron micrographs illustrates the process by which fragments of the tripartite synaptonemal
complex, in consecutive sections, may be followed to determine the individuality of each bivalent. Each bivalent is more or less equidistant from
the others, and each begins and terminates on the nuclear envelope (each anchoring site is marked with an asterisk). The NOR bivalent (6 in
18-27) is terminally associated with the nucleolus in Figures 18-22. The pachytene spindle pole body (Spb) is illustrated in 10-12 and the nucleolus
(Nu) in 16-23. In each section, individual synaptonemal complex fragments are numbered according to the bivalent they represent and correspond
numerically with those presented for nucleus A in Table 1. Bar (Fig. 12) = 3.5 um. 39 and 40, A full reconstruction of the nucleus in 9-38 (nucleus
A in Table 1), presented from the front (39) and from the rear (40). All bivalents correspond numerically with those in 9-38 and Table 1. Bar

(Fig. 39) = 3.5 um.
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to 142.2 um, as were nuclear volumes (Table 1). However, indi-
vidual bivalents may not be ranked in exactly the same order
among the five nuclei because of similarity in length among
adjacent ranks. Additionally, absence of morphological markers
other than the association with the nucleolus prevented classi-
fication of distinct groups of bivalents.

NOR bivalent. The only bivalent that could be morphologically
identified among the five reconstructed nuclei was that associated
with the nucleolus (bivalent 6 for nucleus A in Figs. 9-38; Table
1). This bivalent is designated as the NOR bivalent (Table 1).
In M. lini, the NOR bivalent was terminally associated with the
nucleolus in all five nuclei analyzed. An example of this association
is presented for nucleus A (Figs. 18-22). Despite some hetero-
geneity in length for this bivalent among replicate nuclei, the
NOR bivalent appeared to be among the shorter chromosomes;
the relative length was 3.7-4.8% (Table 1).

DISCUSSION

M. lini karyotype. Ultrastructural analysis of five reconstructed
pachytene nuclei provided a definitive karyotype of n = 18 for
two closely related North American isolates of M. lini. The
ultrastructural karyotype presented here corrects an earlier

estimate from light microscopy of nonpachytene nuclei, which
indicated n = 5-6 (30). This is not unusual. For many fungi,
chromosome counts from light microscopy have underestimated
true chromosome numbers when re-analyzed at the ultrastructural
level with nuclei in pachynema (4,7-9,12,26,29,35,52). Accord-
ingly, many fungal karyotypes derived from nonpachytene nuclei
at the light microscopic level (25,30,46,47) should be treated with
caution. Similarly, fungal karyotypes derived by ultrastructural
reconstructions of metaphase-anaphase spindles (1,28,38) should
be treated with caution because chromosomes at this stage, unlike
pachytene bivalents, do not exist as morphologically distinct struc-
tures, often are dispersed and move in an asynchronous manner
along the length of the spindle, and usually possess minute kineto-
choric regions with few attached microtubules (27). Indeed, serial
sections through meiotic spindles in metaphase of Eocronartium
muscicola (5; E. Boehm, unpublished data) suggested far fewer
chromosomes were present than did reconstructions of pachytene
nuclei in this same organism, which established a karyotype of
n=17(6).

The high number of chromosomes reported here for M. lini
agrees with the high proportion of virulence genes in this patho-
gen that are reported to segregate independently (18,19,32,33,
51,53). Of the 27 identified virulence genes in M. lini, 15 are

Figs. 21-32. See legend for Figures 9-20.
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unlinked and 12 occur in four small groups of four, three, three,
and two virulence genes, thus bringing the number of “effective”
virulence loci to 19 (32). The ultrastructural pachytene karyotype
presented here is in agreement with the genetic data.

The 18 bivalents in M. lini formed a finely graded series of
chromosome pairs ranging in relative length from 3.2 to 9.0%
of the total length. This karyotype is similar to that found for
P. g. tritici, in which n = 18 (7), and P. coronata, in which
n = 17 (4). However, total bivalent length differed among these
fungi as follows: P. coronata, 75.8 um (4); P. g. tritici, 102.4
pum(7); and M. lini (this study) 136.2 um. If synaptonemal complex
length is proportional to genome size (2), data suggest that M.
lini is 1.3X larger than P. g. tritici, which has a relatively large
genome, estimated from reassociation kinetics to be 58 Mbp (3).
Furthermore, estimates of relative genome size by microscope
photometric measurements of fluorescence of propidium-iodide-
stained nuclei (14) indicated that the genome is 2.5X larger in
M. lini than in P. g. tritici; the genome of P. coronata was 1.1X
larger than that of P. g. tritici. Despite the discrepancies between
estimates based on synaptonemal complex length and nuclear
fluorescence, both methods indicate that the genome of M. lini
is larger than that of P. g. tritici, whereas the genome of P. coronata
is either smaller or only slightly larger than that of P. g. tritici.

NOR bivalent. In each reconstructed pachytene nucleus of M.
lini, a particular bivalent of short relative length was associated

with the nucleolus. In other fungi, bivalents cytologically asso-
ciated with the nucleolus have been shown to carry ribosomal
repeats (41). In the absence of the centromeric index (6,12,29),
the NOR bivalent was the only one capable of being identified
as the same among the five reconstructed nuclei. Unlike P. g.
tritici, in which the NOR bivalent entered and exited the nucleolus
but could not be followed within it (7), in M. lini the NOR bivalent
was terminally associated with the nucleolus as in Neurospora
crassa(21), Schizophyllum commune (12), Coprinus cinereus (29),
and Sordaria macrospora (55). Furthermore, in M. lini, the NOR
bivalent did not exhibit significant length variation among the
isolates examined. This contrasts with P. g. tritici, in which the
NOR bivalent differed in relative length among the six isolates
examined (7). This variation suggested that other bivalents in
the karyotype of P. g. tritici may also exhibit length poly-
morphisms, whereas for the two isolates of M. lini examined
in this study, the karyotype appears stable.

Among the four heterobasidiomycetous fungi for which ultra-
structural pachytene karyotypes are available (4,6,7; this study),
no variation in chromosome number has been found among
isolates for a given species. Chromosome length polymorphism
has, however, been detected for the NOR bivalent of P. g. tritici
(7). This contrasts with results using electrophoretic methods for
separating fungal chromosomes, in which chromosomes within
a species frequently vary in number and length (31,36,49).

Figs. 33-40. See legend for Figures 9-20.
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