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Karyotype analysis and optimization of
mitotic index in Picea mariana (black spruce)

preparations from seedling root tips and
embryogenic cultures
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The effect of hydroxyurea and coichicine solutions on mitotic index was investigated in embryo-
genic suspensions and in seedling root tips of Picea mariana. Hydroxyurea treatment and 0.6 per
cent coichicine solution significantly increased the quantity of mitotic cells which were mostly in the
metaphase stage. The highest mitotic index was observed in cells of embryogenic suspensions. The
embryogenic lines were cytologically stable and their utilization for karyotype studies and technique
development holds great potential. The arm ratios and relative chromosome length values showed
the same trends between embryogenic cultures and seedling root tips and among the five black
spruce populations studied. This study shows that the black spruce karyotype is asymmetric and
semi-advanced, as in Larix and Abies. Three pairs of chromosomes are of the sm-type with
submedian centromeres. One pair is median-submedian (msm), six pairs are rn-type having median
centromeres and two pairs are metacentric or M-type.
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Introduction

The genus Picea comprises some 40—60 species widely
distributed over cooler regions of the northern hemi-
sphere down to the Tropic of Cancer. Of these species,

red spruce (P. rubens), black spruce (P. mariana) and
white spruce (P. glauca) are of great economic import-
ance in North America and are widely used for paper
pulp. Black spruce is the most common tree in many
areas of the boreal forest, particularly so in Ontario
and Québec. Cytogenetic information in the genus
Picea is preliminary and limited to chromosome counts
and size due to difficulties in consistently obtaining
mitotic spreads with suitable chromosome size. More-
over, many workers have found conifer tissues recalci-
trant to chemical treatments, making molecular and
cytological studies more difficult than with other plant

groups. Thus, the phylogenetic relationships among
spruce taxa have been mostly investigated by morpho-
logical analysis, crossing and geographical distribution
(Wright, 1955; Mikkola, 1969; Fowler, 1983).

*Correspondence.
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This is the first in a series of detailed studies of

spruce cytogenetics including karyotype comparisons,
chromosome banding, and physical mapping of
repeated DNA sequences. In the present study we
show that embryogenic cultures are suitable for spruce

cytogenetic studies. We compared chromosome karyo-
types and mitotic stability in preparations from
embryogenic cultures and root tips. Furthermore, the
effect of hydroxyurea and colchicine concentration on
mitotic index was investigated in both types of material.

Materials and methods

Seeds of two black spruce (Picea mariana Mill.) lots,
8810399 and 8810404 collected in Beaver, New
Brunswick, were obtained from the National Seed
Center, Petawawa National Forestry Institute, Chalk
River, Ontario. Additional seeds of two other lots,
82339 and 74122 collected in Dorion (Québec) and

Dufour (Québec), respectively, were provided by the
Provincial Ministry of Forestry, Berthierville (Québec).
The seeds were placed in clear polycarbonated
'Petawawa germination boxes' containing wet 'Kimpak'
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cellulose paper and kept in a germinator at 30°C
temperature for 12 h under fluorescent lights and 8 h at
20°C in darkness. Seedlings with roots 2—4 cm long
were collected for pretreatment. Embryogenic cultures
of two spruce lines (R4F14 and 51) were used to
compare both the karyotypes and chromosomal
mitotic behaviour of the cultured cells. These cultures
were established and maintained as previously
described (Cheliak & Klimaszewska, 1991). The
embryonal masses of R4F14 were maintained in
culture for 3.5 years and of 51 for 2 years.

Seedlings and embryonal masses of these black
spruce lines were incubated for 18 h in liquid, half
strength LM medium (Litvay et at., 1981; Cheliak &
Klimaszewska, 1991) that contained 1.25 mi hydroxy-
urea (Sigma), which blocks the cell cycle in S-phase.
The material was kept in 125 mL Erlenmeyer flasks
placed on a shaker at 125 r.p.m. at 24°C. After three
rinses with medium without hydroxyurea, the material
was incubated for 6 h in fresh medium followed by
treatment with the medium containing 0.6 per cent or
0.06 per cent (w/v) coichicine (Sigma) for 18 h. At this
time the root tips were excised from the seedlings and
both types of material were fixed in 3:1 ethanol:glacial
acetic acid for 1 h. The samples were stained with
acetocarmine or aceto-orcein after hydrolyzation with
1 N HCI for 30 mm at room temperature. Non-syn-
chronized material was treated similarly except that
incubation in medium with hydroxyurea was omitted.
Additional checks were prepared for root tip material,
This consisted of excising root tips from seedlings
directly after germination without pretreatment in the
medium. In this case, root tips were treated in an
aqueous solution of colchicine. The fixing, hydrolyza-
tion and staining steps were carried out as described
above.

Cytological analyses

Prophase, metaphase and anaphase cells were analysed
in all the preparations derived from embryogenic cell
suspensions and root tips so as to compare chromo-
somal behaviour. Chromosomes were counted in 100
metaphase and pro-metaphase cells for each treatment.
Mitotic index was calculated as the percentage of cells
at prophase, metaphase and anaphase. These data were
transformed by arcsin ëièentage to improve their
normality. The transformed data were then analysed as

a completely randomized experiment, each experi-
mental unit containing five slides. An analysis of var-
iance and the LSD test were computed using MSTAT-C

statistical programs (MSTAT Development Team, 1988).
The karyotype analysis was made using several

representative cells for each treatment in which the

chromosomes were well-separated and secondary con-
strictions visible. Cells with the desirable chromosome
conditions were photographed at X 630 under oil
using a Zeiss microscope.

The chromosomes of the photographed cells were
numbered from 1 (the longest) to 12 (the shortest). To
measure the chromosomes, a fine thread was laid over
each chromosome in the photograph, marked and then
measured in millimeters. All measurements were con-

ducted twice. Homologous pairs were arranged by
comparing centromere positions and the presence of
secondary constrictions. Averages of the paired
chromosomes were taken for total length, relative
length, index and ratio. A relative value was used as the
standard for chromosome lengths. The relative length
of a given chromosome was determined by dividing the
absolute chromosome lengths by the sum of all the
chromosome lengths and was expressed as a percen-
tage of the total (Tjio & Hagberg, 1951). The ratio of
the long arm to the short arm was used to identify
centromere position for each chromosome. The
nomenclature system of Levan et al. (1964) was used
to determine the chromosome types as median,
submedian or subterminal. Diagrammatic presenta-
tions for the chromosomes from embryogenic suspen-
sions and root tips were developed according to arm
ratios and relative lengths. The idiogram representing
black spruce was based on averages for relative lengths

and arm ratios. Karyotypes established from root tip
preparations were compared to those of embryogenic
cultures.

Results and discussion

Samples from embryogenic cultures consistently
resulted in larger numbers of cells at different mitotic

stages than samples from root tips (Fig. 1). Further-
more, chromosomes were morphologically less
condensed and showed characteristic morphology in

higher frequencies than root tip preparations. This may
be ascribed to the fact that cells in suspension are
exposed more readily to chemical treatment for reveal-
ing detailed karyotypes while cells in meristems have
cell walls that can provide barriers. Our attempt to
weaken root tip cell walls using a cellulase and
pectinase solution to facilitate better penetration of
chemicals resulted in an increased number of
chromosome spreads free of cytoplasms but did not
significantly improve the visualization of secondary
structures (data not shown). When seedlings were pre-
treated with colchicine in the medium rather than in the
water the secondary constrictions of root tip chromo-
somes were readily identified. This made the compar-
ison of chromosome karyotypes of embryogenic
cultures and root tips described in this study accurate.
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Fig. 1 Major stages in the mitotic sequence of black spruce, Picea mariana, embryogenic cultures: (a) interphase, (b) prophase,

(c) metaphase, (d) meta-anaphase, (e) anaphase, (f) telophase and (g) early interphase. Bar represents 10 m.

The highest mitotic index (MI =38 per cent) was
obtained in cell suspension preparations pretreated
with 125 mi hydroxyurea and 0.6 per cent colchicine
solutions (Table 1). In general the results of this study
show a significant increase of mitotic index when

hydroxyurea was used in both cell suspension cultures
and root tips (Table 1). This agrees with the observa-
tions of Schubert et al. (1993) showing high mitotic
index in Vicia faba seedling root tips treated with
hydroxyurea and with those of Matthews (1983) in
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Table 1 Percentages of cells at prophase, metaphase, ariaphase, telophase and interphase and mitotic index (arcsin values in

parentheses) in preparations from black spruce root tips, seedlings and cell suspensions pretreated with hydroxyurea and
coichicine

Material Pretreatment
Prophase

(%)
Metaphase

(%)

Anaphase
(%)

Telophase
(%)

Interphase
(%)

Mitotic
inclex*

(%)

Root tips 0.06%colchicine
0.6%colchicine

4.3
2.7

13.3

12.8

0.5

0.0
14.7
16.3

65.6
68.3

17.8 (25.0)

15.5 (23.2)

Seedlings 0.06%colchicine
0.6%colchicine

0.2
0.1

0.3
6.2

0.0
0.0

14.7
9.3

85.3
84.5

0.5 (1.3)
6.2(14.4)

1.25 ifiM hydroxyurea

+0,06% colchicine
0.4 11.7 0.0 9.8 74.9 12.1 (20.4)

1.25 msi hydroxyurea

+0.6% coichicine

0.5 15.6 0.0 12.4 66.7 16.1 (23.7)

Cell suspensions

fromembryogenic
lines

0.06%colchicine
0.6%colchicine

3.1

5.0

4.8

14.5

0.0
0.0

11.1

9.8
81.0
70.6

7.9 (16.3)

19.5(26.2)

1.25 mvi hydroxyurea
+ 0.06% colchicine

7.0 9.5 0.5 13.5 68.0 17.0(24.4)

1.2smMhydroxyurea
+ 0.6% colchicine

11.0 25.4 1.4 14.9 47.3 37.8(37.9)

LSD005

LSD0Q1

—

—

—

—

—

—

—

—

—

—
3.2 (10.3)

9.7 (18.5)

*Average of five replications. Angular transformed means in parentheses.

synchronized carrot cell suspension cultures. Signifi-
cant improvement of the mitotic index was also
observed when colchicine concentration was increased
from 0.06 per cent to 0.6 per cent in cell suspensions
and seedlings pretreated in the LM medium (Table 1).
No significant difference was obtained in root tip pre-
parations pretreated with 0.06 per cent and 0.6 per
cent coichicine solutions in water (Table 1).

We observed a high variation in length between
corresponding chromosomes in various cells (Fig. 2).
This variation was higher in root tip preparations than
in cell suspension preparations. According to Borzan
(1977), length variation between chromosomes from
cell to cell is caused by the 'sticky' phenomenon,
described as an entanglement of chromatin fibres of
unrelated chromosomes. Such a phenomenon was not
observed in our preparations, suggesting that chromo-
some length variation may be related to artificial causes
such as chemical treatment. The exact mechanism
causing this variation is unknown.

The somatic chromosome number was found to be Fig. 2 (a—b) Metaphase chromosome spreads from black
2n = 24, which confirms the results of previous work spruce root tips. Note the high variability in chromosome
(Morgenstern, 1962). B chromosomes that have been contractions between the two cells. Bar represents 10 jm.
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detected in other spruce species (Kruklis, 1971; Moir
& Fox, 1976; Teoh & Rees, 1977) were absent in our
materials. The lack of B chromosomes in these popula-
tions may be due to natural selection (Moir & Fox,
1976). Aneuploid cells, too, were not observed in our
embryogenic lines. All the cells from embryogenic cul-
tures showed normal mitotic behaviour at all stages,

including prophase, metaphase, anaphase and telo-
phase (Fig. 1). The arm ratios and relative chromo-
some values did not show variation between
embryogenic cultures and root tips or among the
different lines studied. Recent molecular studies on

genetic stability of black spruce embryogenic cultures
showed no variation within the clones (Isabel et al.,
1993). The basis for the apparent genetic stability of
these embryogenic cultures is unknown but may be
related to their embryogenic character (Eastman et a!.,

1991). Preliminary studies reported similar genetic
stability for tissue culture lines of Eucalyptus (N. S.
Hague, N. W. Fish and M. Kei, 1992, personal commu-

nication), Larix (J. Wyman, N. Brassard, D. Filpo and
S. Laliberté, 1992, personal communication) and
Norway spruce (B. Heinze, R. Westcott and J. Schmidt,

personal communication, 1992), suggesting that this
may be a general phenomenon in woody tree species.
In herbaceous plants, however, the occurrence of
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chromosome rearrangements as well as numerical
changes in cultured plant tissues is very common
(Ashmore & Gould, 1981; Murata & Orton, 1983).

The average relative lengths and chromosome
indices are presented in Fig. 3. The customary manner
of researching karyotypes is to organize chromosomes
in a series from 1 to 12 on the basis of their lengths in the

photograph. However, this method does not take into
consideration the division stages of the cell under
investigation. Some of the cells could be, for example,
at the prometaphase stage; most often cells are
analysed at metaphase but could be also analysed at
anaphase (Borzan, 1977). Calculation of relative
chromosome lengths avoids the variability of individual

chromosome length caused by division stages of the
cells and differences in chromosome contraction
among cells (Fig. 2). Such systematization of karyotype
analysis will make comparisons of intra- and inter-

specific spruce karyotypes more accurate.
The long arm/short arm ratio was used to determine

the centromere position of each chromosome accord-
ing to the Levan et a!. (1964) system as modified by
Schlarbaum & Tsutchiya (1984). Chromosomes 1, 10
and 12 were of the sm-type, with submedian centro-
meres. Chromosome 9 was median-submedian (msm).
Chromosomes 2, 4, 5, 6, 7 and 11 were all m-type
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Fig. 3 Comparison of diagrammatic
presentations of the black spruce

genome using embryogenic cultures
and root tips. Relative lengths (x-axis)
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tages of the total chromosome length

for individual chromosomes. The
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having median centromeres and chromosomes 3 and 8
were metacentric or M-type. These data, as presented
in an idiogram (Fig. 4), indicate that the karyotype of
black spruce is asymmetrical. Such a karyotype can be
considered as 'semi-advanced' as in Larix (Simak,
1964, 1966) and Abies (Mergen & Burley, 1964). In
Pinus, on the other hand, the karyotype is relatively
primitive having median centromeres and small differ-
ences in relative size (Saylor, 1983).

Chromosomes 1, 3, 5, 6 and 10 have a distinctive
secondary constriction on one of their arms. Based on
this distinctive morphology, these five chromosomes,
along with chromosome 12 (the smallest and sub-
median), may be considered useful cytological refer-
ences both for studying cytotaxonomical relationships
of black spruce with other spruce species and for chart-

ing karyotypic evolution. In many plant species, the
secondary constrictions are associated with the nuclear

region (Schiarbaum et al., 1983). To ascertain the posi-
tion of the nucleolar organizer region in black spruce,
meiotic studies are required since the information
provided by mitotic analysis is limited. As presented in
Fig. 4, all the chromosomes can be easily identified,
except chromosomes 7 and 8 which can be reversed as

they are morphologically similar. Chetty et al. (1970),
pointed out that the risk of reversal of the chromosome
order cannot be disregarded if the difference between
chromosome length is very small. In the case of black
spruce, chromosomes 7 and 8 have exactly the same
relative length and do not have any distinctive secon-
dary constriction. Therefore, these two chromosomes
have a high probability of being confused. Chromosomes

1 and 2 also have the same relative length but differ by
the presence of a secondary constriction on chromo-
some 1. Thus the possibility of misidentification is less

likely.
The lack of success in previous spruce karyotyping

may be ascribed in part to the use of inappropriate pre-
treatment methods and plant material. Morgenstern
(1962) failed to visualize secondary constrictions in
black and red spruce chromosomes and focused his
study on chromosome groups rather than on individual
chromosomes. Hizume (1988) and Hizume et al.
(1991) did karyomorphological studies on important
conifers in Asia. They observed secondary constric-
tions in some spruce chromosomes but their work was
based on general chromosome morphology which did

not generate a detailed karyotype of any spruce
species. However, they were successful in identifying
homologous chromosomes in Picea jezoensis using
fluorescent chromosome banding. Recently, Brown et

a!. (1993) working with white spruce (Picea glauca)
experienced problems obtaining metaphase prepara-
tions with well-separated chromosomes because of the

I 2 3 4 5 6 7 8 9 10 II 12

Fig. 4 Idiogram representing the chromosomes of black
spruce. The chromosomes are numbered by decreasing
order according to chromosome length.

long size of the chromosomes. However, their prelimi-
nary data on chromosome morphology are very useful
and suggest that white spruce and black spruce
chromosomes have distinctive morphological charac-
ters. As their data were based on very limited seed
material of one line and their chromosome
measurements were based on absolute lengths rather
than relative lengths, cytological differences between
these spruce species cannot be established at this time.

This study shows that embryogenic cultures of black
spruce are suitable for cytogenetic analysis. In addition
to the high number of prophase, metaphase and
anaphase cells obtained, the chromosomes exhibit dis-
tinctive secondary constrictions in most of the cells in
all the preparations. Because embryonal masses are
cytologically stable, their utilization for karyotype
studies and technique development holds great poten-
tial.

We also demonstrated that hydroxyurea and a highly
concentrated colchicine solution significantly increase
the mitotic index values in both cell suspensions and
seedling root tips. Finally, we established that the black
spruce karyotype is semi-advanced and different from
the primitive Pinus karyotype.
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