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THE NUCLEQOLUS IN TULIFA

Introductieon

Nucleoll apparently occur in the nuclei of
prectically all living organisms (Sharp (21), Wilsomn (31)).
The possible exceptions are the Myxophyceze and Schizomy-
cetes. ZEven these may at least possess true nuclei (Smith
(24), Tanner (26)) although it is still a question. The
universal occurrence of nuclecli has resﬁlted in an exten-
sive examination of this structure in many diverse types of
living organisms., In spite of many views that have resulted,
the true function and significance of the nucleclus in the
econcemy of the cell ig¢ today a matter of opinion, Much hes
been learned, however, as to the morphological characteristics
of this body ard its relationships with other nuclear consti-
tuents, particularly the chromosomes,

No attempt will be made in this paper to review all
the literature on the nucleolus. Montgomery (1L) thoroughly
reviewed it up to 1&97, Wager (30) reviewed a number of the
important papers from 1897, and earlier, to 1904, Recent
summaries have been presented by Yamaha and Sinoto (32))and
Guilliermond and Mengenot (%). Shearp (21) has summerized
many of the views regarding the nucleclus and particularly

the reoelation of the chromosomes tc this structure,
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The significance of the satellited chrcmosomes
in this connection has heen a matter of debate since the
work of S, Nevaschin (17) who first discovered their ex-

istence and relation to the nucleolus in Galtonia Candicans.

DeMol (13), Heitz (5,6) McClintock (11,12),and many others,
have presented evidence that certain chromosomes have a
specific nucleclus-forming function. The last two have
shown quite convincingly that it is the chromosomes bearing
satellites or certain other esimilar differentiations that
possess this peculiar capacity. Dermen (1), however, seems
to be somewhet skeptical of the constancy and imvortance of
the relationship between specific chromoscmes and the
nucleolus., In evaluating the work in this field it is im-
portant to note,as Zirkle (33) has pointed out from the
literature and, clearly demonstrated by his own work, thet
differences in micro-technical methods can lead to redically
different fixation images for the nucleclus. Many differ-
ences of interpretation have undoubtedly arisen in this way.
The study of nucleoli in Tulipa was undertaken in
connection with a mprphological study of the chromosomes.in
this genus. Because of the variable nucleclar numbers, size
of the chromosomes'and, the occurence of auto~polyploids>
unusually interesting materizl for an investigation of this

kind was availaeble. Nucleolar number, size and, the rel

M

tion of certain chromosomes to the nucleolus have been con-

sidered at different stages of the life cycle.



Materials and Methods

Bulbs were obtained from growers in Europe or
in this country. All of the material used had been flower.
ed so its identity woas checked. Root-tips were collected
in the fall from bulbs grown in the experimental garden.
Dual fixations with Flemming's medium solution or Allen and
Wilson's Modification of Bouin's fluid were usually made,
The ordinary paraffin technic was followed,and iron-alum
haematoxylin was used exclusively as a stain for the root-
tips, Pre-meiotic and meiotic stages were collected from
buldbs kept in a cool storage cellar. The anthers were pre-
pared by the paraffin method or smeared according to the
general proccedure cf Tayler (28) except thet ordinary
Flemming's mediuq,and Navaschins fluids were used as fixa-
tives. The crystal violet-iodine—picric acid schedule of
Smith (22), or iron-alum haematoxylin were used to stain
the gmears, Paraffin sections were generally stained in the
latter 2lthough Flemming's triple stain was occassionzly
used. Meiotic material was necessarily limited because of
the small amount (one flower bdud) obtainable from each bulb,.

Observations were made with a 2 mm. 920X apochromat
0il immersion objective of n.a. 1.30. This was used in cone

junction with a 15X compensating ocular. All dreawings and



measurements were made with the aid of a camera lucida.
Volumetric determinations were recorded in arbitrary scale
units (one unit = ap.o.1587 microns). Measurements of
nuclei and cells have been recorded in cross-sectional
areas in square inches X 2000, A standard planimeter was
generally employed in determining these aregs, although
tﬁey were sometimes based on diameter measurements. TFloto=
micrographs were made with the combination described above.

Approximate actual magnifications are given for each figure.

Results

Nucleoli in root-tip mitosis

Certain events in the anaphase and, even meta-
phase, probably influence the developmentinumber of nucleoli
in daughter nuclei. The nucleolar matter or plastin
(2irkle (33)), however, appears first in the telophase, and
usually disappears in the metaphase.

Anaphase. During late anesphasge the chromosomes
become inter-and lntra-connected by more or less chromati
strands (figs. 1,4 and 2,D). These strands, which appear to
arise from the matrix, may extend between the proximal and
distal arms of the same chromosome as well as between differ-

ent chromosomes,

Telophase. As the telophase proceeds the chromo-




Figure 1* - Development of nucleoli in T. sprengeri during
mitosis in root-tip: A, Anaphase; B,C,P,E, telophase;
F, interphase; &,H, prophase; I, metaphase. In all figs.
IT denotes plastin and S denotes satellites. X ap. 1s00.



Figure 2. - Development of nucleoli during mitosis in root-
tips: A to I, T, eichlerij A and B, interphase, Flemming’s
fixation; C, 1ls,te telophase, Bouinls fixation; D, anaphase;
E, early telophase; F, late telophase, Flemming’s fixation;
G, telophase later than F, Flemming’s fixation; H, inter-
phase, Bouinls fixation; I, early metaphase showing nucleo-
lar remnants (IT), Bouin* s fixation; J and K, late prophase,
'* linifolia, Flemming'’s fixation; L, Carrara, late prophase,
Flemming’s fixation. All camera lucida drawings X 2000%*
Eeduced ap* i*



some connecting strands increase in number, and the chromo-

)
somes become very closely associated (figs. 1,B, 2,F and 1,
C)e The first distinguishable plastin appears shortly after
the appearance of a membrane-like structure about the mass
of chromosomes. Bouin's fixation gives the best telophase
differentiation between chromatin and plastin. The latter
remains essentially unstained. Xerly télophase stages are
shown in figures 1,E, 2,C and 2 F., Careful studieg of many
nuclei in different tulips has shown that the appearance of
rlastin is a2lweys associated with the disappearance of
chromatin, In meny preparations direct connections between
the matrix material and developing masses of plastin are
indicated. The latter appears to originate at & number

of points from the chromsome mass, These areas of collect-
ing plastin may be more numerous than the maximum nucleolar

nunber for the cleon (see, nucleolar numbers in root tins,

this paper). The developing masses of plastin coalesce to
a varying extent as they incresse in size. The occurrence
of.a fizxed maximum nucleolar number of each clon examined
strongly indicates that some actual flow of the plastin
itself must occur in the telonhese. Preparations of telo-
nhase nuclei frequently give this appearance. During early
telophase stages the nucleus is typlecally irregular in peri-
phersl outline., Toward the end of the telophase the chroma-

tin mass becomes very greatly reduced and the plastin mass



shows further increase. The latter material becomes organiz-
ed into definite nucleoli. Throughout the progression of

the telophase the whole nucleus increases in size, the
veriphery becoming more regular in outline,

Interphase. During the ianterphase the chromati-

city of the chromonemata remains very low, The latter
appear to be arranged radiately about the nucleoli dbut it
is not possible to determine this definitely. The chromo-
nemata are greatly extended and form an interconnected
plexus of threads. Irregular small masses of chromatin are
usually sssociated with the chromonematic reticulum (figs.
1,F and 2,H). After fixation in the Bouin's fluid it cen
be seen that aggregations of chromatin frequently occur on
the surfaces of the nucleoli (fig. 2, A and B). The latter
fregquently show unmistakeable signs of their compoundness
(as the result of fusion of adjacent nucleoli).

Prophase, As the nrophase proceeds the nuclei

swell, the chromonemata shorten and, gradually become

chromatic., In some tulips, T. sprengeri for example, the

chromonemata are very distinctly coiled in the early pro-
phase (fig. 1,G). It soon becomes evident that the develop-
ing chromosomes are arranged in boucuet-like fashion about
the nucleocli. In the earlier stages of the prophase the
doubleness of each chromosome can often be seen. Distinect

pairs of chromomeres are also evident. Ia fig. 20, plate 1,



vairs of chromomeres can be seen in two of the chromosomes,
but at one or two points it anpears as though certain of

the former have not divided. The distinctly radiate arrange-
ment of the chromosomes about the nucleoli is a very charac-
teristic feature of the prophase (figs. 1,H and 2, J,K and L).
All of the chromosomes are not always in direct contact with
nucleoli. In the nucleus shown in figure 2,J one chromosome
was not in contact with a nucleolus dbut, it was connected

to 2 chromosome that was, by a distinct chromatic strand.

This figure shows several other apparently free chromosomes
but these were attached at levels not recorded in the draw=
ing. ZEven though all of the chromosomes do not always

touch the nucleoli directly they avnparently form a completely
interconnected system by virtue of the counecting strandsg.
This seems to be the case in all nuclei examined.

The relations of the chromosome arms to the nucleo-
1li are best studied in prepesrations fixed in the Bouin's
fixative. In figure 22, plate 1, the arrangement cof the
chromosomes about a prophase nucleolus is shown. Some of
the chromosomes are attached to the nucleolus by both of
their ends. The small mass of plastin at ¥, is connected
to the distal end of one chromosome and the middle of
another chromosome which is also attached to the large

nucleolus. It is at similar stages of the vrophase that

the satellites can sometimes De seen although these structures
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are usually hard to demonstrate. Tigure 20, plate 1, shows
e pair of satellites lying on the surface of a nucleolus
although the connecting threads to the end of the chromosome
arm could not be distinguished. During the early and middle
prophase the satellites appear to be located on the surface
of the nucleoli,. The chromosomes, whether satellite-~bear-
ing or not, also come into contact with the surface or near-
surface regions of the nucleclus. In very late prophase or
early metaphase the chromosomes may become free of the nucleo-
lus. This seems to be associated with a breaking down or
disappearance of the nucleolar matter. In most cases the
nucleoli do not persist into metaphase. Sometimes, however,
masses 0f nucleolar matter adhere to the arms of the chromo=-
somes even into metaphase (figs. 15, 16 and 19, pl. 1), The
nucleoli appear to remain undiminished in size and staining
density up to very late nrophase. The final breakdown or
disappesarance of most of the nucleoli between prophase and
me taphase apparently is accomplished rapidly. It does not
ocecur until the chromosome matrices appear to be fully or
almost fully developed.

Metaphase, During the metaphase the chromosomes

undergo further contraction finally becoming arrenged into
a definite equitorial plate formation. The setellites are
most easily seen during the meteavhase but may sometimes be

clearly seen in anaphase, In all of the Leiostemones



Figure 3* - Metaphase satellites, Darwin: Allard Pierson;

A, tandem satellites "borne 'by one J-shaped chromosome; B,
normal type of satellite in divided condition at late meta

phase* (only distal ends of chromosomes show). Photomicro

graphs X ap* 6000~



reported in this paper, except T. sprengeri, they occur on

the ends of the long or distal arms of the chromosomes. In
T. sprengeri (fig. 1, J) the statellites are unusually die-
tinct and are borne only on the short or proximal arms of
the chromosomes. In species of the Eriostemones both typrecs
of attachment occur. In one Darwin tulip, Allard Pierson,
one chromcsome bears two satellites in tandem (figs. 3,D and
23, 24, pl. 1), These are anparently very similar to tandem
satellites reported in Allium by Taeylor (27). Satellites
may appear divided before or after the visible separastion of
the daughter chromatids in the metaphase. In certain tulips
demonstration of the satellites in root tip chromosomes is
very difficult.

Nucleolar MNumbers in Root-tips

Because of the difficulty in demonstrating direct-
ly the satellited chromosomes in root-tip nuclei =another
method of attacking the nroblem was undertaken. If the maxi-
num number of nucleoli in a given clon is eaqual to the number
of nucleolus-forming chromcsomes a mathematical study of
nucleolar frequencies should be suggestive. Thesé were de-w
termined by random selection of cortical nuclei. Tused
nucleoli were counted 2s single units. Thus the nucleus
shown in figure 2, K has dbut one nucleoluS)that in figure

2, A, seven. In determining the characteristic roet tip
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nucleolar number of any given clon certain precautions were
found to be necessary. The charecteristic number for a clon
can be expressed as the average number of nucleoll per
nucleus. In some roots, however, the minimum and maximum
nucleolar numbers remain fixe%,but the average number per
nucleus may show considerable variation at different levels
in the same root. In some cases the mean number of nucleoli
in the apical region of the root tip is less than in areas
farther back from the apex. In some roots the rate of in-
crease appears as an approximeately straight line when the
mean 1s plotted against the level in the root in microns.

In other cases there is no shift in the mean st successive

levels and the graphed line is horizontal rather than in-

clined. In some roots of T. sprengeri the highest mean

occurs nearest the apex.

In order to determine accurately the shift in
average nucleolar numbers it wess found necessary to average
a large number of counts at e-ch level in the root. One
section of 20 microns thickness was found insufficient for
an accurate determination so two to four sections were
counted and the mean level in microns computed for the
regions examined. The presence of "false nuclenli®
(Zirkle (33)) or mnon-nuclsoiar chromatic masses in cartain
regions of some rocts occassionaly made accuvrcte ccocunting

difficult. In such ceoees fixation with Allen and Yilson's
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Table 1.
micleus in one root of S. L. Carrara at ten
different levels. ’

1332

Renge in microns in
root used in making
determinations. The
meristematic apex

eguals O.

0 - 54
162 - 216

396 = 450
504 - 558

630 - 684
756 - 810

gb4 =~ 918

990 - 104l

1098 = 1152

1386

liean

level
in microns
plotted on

graph

21
189
43
536
659
783
291

1017

1125

1359

Mean no. Number

of of
nucleoli nuclei
per observed
nucleus.
3.270 100
3.410 200
3.660 200
3.762 Loo (1)
3.995 200
4,165 400 (1)
L.2u7 4oo (1)
4.410 400 (1)
4.500 200
4.700 200

Variations in average number of nucleoli per

counts made by counting 100 nuclei in each of

two pairs of adjacent sections and then making
recounts in same sections and summing both sets
of data.
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modification of Bouin'!s resulted in a clear differentiation
between the true and "false nucleoli", The former were
often so lightly stained, howewver, that the preparations
were not used for counting as very small nucleocli might
easily have been overlooked. The material used in this in-
vestigation was selected with special reference to its
desirability for numerical studies,. Figure 4 illustrates
graphically the gradient in nucleolar mean number obtained
at ten different mean levels in a single rcot of the cottage
tulip, Carrara. Table 1 gives the dats upon which this
graph is based. XExtra nucleolar masses of chromatin at
level I, made accurate counting difficult. The range of
probable greatest accuracy runs from level II to level X,
The latter is equal to the '"characteristic maximum area'.

In figure 5 the nucleoclar gradients for several
species and varieties are compered. Only a few points heve
been determined in most cases and the exact slones are there-
fore not shown on this gravoh, The data, however, illustrates
the necessity of considering nucleclar number gradients in
attempting to determine the'characteristic meen nucleoclar
fregquency per nucleus for a clon.

In the tulips examined in this study it wase Tound
that 1f successlive nucleolar counts were made in 100 or more
nuclel at any one level, or closely adjacent levelsz, there

was often an unmistakable regularity in the fregquencies for
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case.




the different numbers of nucleoli per nucleus. From the
distributions obtained it is certain that the nucleolar
numbers of at least some of the investigated clons are
normally fixed within definite limits in the root tips.

This is probably the case in all of the tulips investigated
in this study. ZEven though the mean number of nucleoli per
npcleus may shift at different levels in the roots of a
given clon the maximum and minimum numbers remain fized.
Thig 1is best evidenced by the shapes of the curves obtained
when the number of nucleoli are plotted against the percent-
age of nuclei obtained for each number class. Figures 6 and
7 show the curves obtained for the two diploid cottage tulins
Mres, Moon and John Ruskin. In each figure curves have been
plotted for two different levels in the rcoot. Figure 7 also
showg the curve obtained by combining the nucleolar counts
in 1000 nuclei from two other roots of John Ruskin, Figure
& shows the curves obtained by plotting the nucleolar fre-
quencies at four of the levels in the root of Carrara used
ir plotting figure U, The nucleolar frequency curve for
1665 nuclei, included in both minimal and maximal nucleolar

levels of five roots of T, sprengeri, is shown in figure 9.

In each of the above menticned four tulips tke
somatic chromosome number is 24, The maximum root-tip

nucleolar number in each is obviously eight. In John Ruskin
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Figure 8. -~ Nucleolar frequencies at four different levels
in a rcot-tip of Carrarsa. Roman numerals refer to levels
and correspond to table 1,
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nucleclar counts have been made in a total of 4585 nuclei,
in Carrara at least 4000 and, in lMrs. Moon 2650. The maxi-
mum nucleolar number given above, was never exceeded. In
addition to the counts actually recorded many others have
been made iﬁ connection with other cstuvdies in the same
tulips. No exceptions to the rule just given were found.
Other tulips were found to be characterized by maximum
nu.cleolar numbers greater or less than eight. Figure 10
shows nucleolar distributicn curves for the triploid tulips

Inglescombe yellow, Inglescombe pink and T. lanata. WYote

that the rates of slope indicate a nucleolar maximum near 13,
It was found by experiment .,that merely by inspec-
tion of several levels in a root the areas having the highest
mean numbers per nucleus can be determined with considerable
accuracy. If counts are made in such areas in different
roots a characteristic average nucleolar number for any given
clon of a species can be determined. FTach of the naned
"carden varieties" represents a clor derived from 2 single
seef or bulb so a charactericstic nuvcleclar number cen be cal-
culated for each one of these. While there is some variatioq}
enough counts at comparable levels in different roots give
surprisingly uniform values., Table 2 lists the observed
nucleclar numerical characteristics for about 30 species,

varieties and aneuploid hybrids of Tulipa. One heterovloid
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roots; C, T. lanats, 391 nuclei from four roots. (All
counts made at levels in the roots having maximum character-
istic nucleolar averages for the clons concerned.
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FPigure 10b, -~ Nucleolar numbers in species and varieties
of MTulipa:

1-T.1linifolia (24) 7-T.lanata (36)
2-T.hageri (24) g-Inglescombe Yellow (36)
3-T.fosteriana (24) 9-T.chrusantha (48)
Y-John Ruskin (24) 10-T.,orphanidea (48)

HF=La Reine Maximus (24) 11-T.clusiana (60)
6-T.saxatilis (36) 12-La Reine maximus (72 *?

chromosome chimera)
(somatic chromosome numbers in brackets after names)
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Figure 10c.- Nucleolar numbers in tulip varieties and their

hybrids:
- Inglescombe Yellow (36)
- Inglescombe Yellow X John Ruskin, hybrid no.l (32)
- Inglescombe Yellow X John Ruskin, hybrid no.2 (30)
- Inglescombe Yellow X John Ruskin, hybrid no.3 (28)
Inglescombe Yellow X John Ruskin, hybrid no.lL (27)

John Ruskin (24)

Carrara X John Ruskin, hybrid no.l (24)

Carrara X John Ruskin, hybrid no.2 (2h)

- Carrara (24)

10~-Louis XIV (24)

11- Louis XIV X Mrs. Moon, hybrid no.l (24)

12- Louis XIV X Mrs. Moon, hybrid no.2 (24)

13- Mrs, Moon (24).

(Somatic chromosome numbers are given in the brackets)
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chimera of a diploid root of La Reine Maximus is also in-
cluded. In this abnormal case one excellent metaphase plate
contained 72 chromosomes (fig., 11, ;. The nucleolar counts
were made in cells closely adjacent. The autoheteroploid
nuclei were readily distinguished (fig. 11, ,; by their great
size. They probably had the same chromosome number as the
one cell in which the count was made but, in any case it

must have been considerably more than 24,

Yolumetric Relationshins in the Root-tip

Measurements were made of cell, nuclear,and
nucleolar sizes to determine their relation, if any, to
nucleolar number. It was thought the nucleolar number
gradients, previously referred to, might be explained in
part on this basis., Measurements were confined to the mitotic
regions although in the upper limits very few cell divisions
occurred,

Wucleolar number in relation to cell and nuclear

size., Two methods were employed. Tirst an attempt was made

to correlate nueclear and cell size with nucleclar number at
a given level in the root)and; second to make comparisons of
these factors between several different levels in the same

root., Roots of Carrara and T. snrengeri were studied in de-

tail because of the radically different types of nucleolar
number gradients obtained in each. In Carrara the highest

mean number of nucleoli occurred farthest from the apex.



Figure 11. - Sector of a root-tip of La Reine Maximus showing

chiimeral areas. The metaphase plate at (1) has ~/2 chromosomes,
the plate at (2) has 2b chromosomes.Heteroploid nuclei (with
727? chromosomes) are shownat (3) and (5)* A diploid nucleus
is shown at (*1) and elsewhere. Nucleolar counts were made in

nuclei above and below the regions marked (1) and (3)* Photo-
micrograph X ap* 500%*
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In T, sprengeri the highest nucleolar freguencies occur near

the apex, the rest of the mitotic region having a loweg and
fairly constant average number of nucleoli. In table 3 the
measurements of 432 nuclei in one root of Carrara are record-
ed with their nucleolar numbers. From this data there seems
to be little if any correllation between nuclear size and
nucleolar number. If the mean nuclear sizes for all levels
are considered, however, there does anpear to be some slight
increase in nuclear size as the nucleolar number increases
(fig, 12)., The average size for nuclei containing six
nucleoli is anvnroximately the same as that for two nucleolate
nuclei, however. This data clearly shows that the nuclei
are larger at the 423 micron level than at either the 189 or
291 micron levels. A similar situation seems to hold in the
other roots examined i.e., the maximum average nuclear sicze
occnrs somewhere between the apex and the upper limits of the
mitotic region.

The situation with respect to nuclear size and

nucleolar number relationships in T, sprengeri is somewhat

different than in Carrara. In the former the smaller nuclei
tend to have the higher nucleolar numbers. T"here is some
over~lapping, however, in sizeg of individual nuclei between
the different nucleolar number classes. The maximum nucleolar
number may occur in a large nucleus or a small one. The same
is true for the lower nucleclar numbers. That the smaller

nuclei generally contain the largest number of nucleoli,



Nauclear size

(average)(l) a2t three Ave. To. of
Nucleolar different mesn levels nuclear nucled
Nuamber Slze meacur -
all ed
levels
189 o3 891
microns microns microns
1 0.93 1.18 e 1.05 15
2 1.03 1.46 0.97 1.15 65
3 1.1k 1.46 1.09 1.23 g8g
l 1.10 1.49 1.13 1.24 95
5 1.2h 1.46 1.09 1.26 95
6 1.10 1,34 1.07 1.17 56
7 & 8 @ ceceeea 1.47 1.07 1.27 1€
Lug. 1.09 1.40 1.08 1.19 uz2
Table 3. Muclear size in relestion to nucleclar
nunber in one root of S.L. Carrara (See
table 1.) 1) Nuclear sizes exmressed

as scuare inches X 2000.



Cell

size(l)

7.51

7.93

Nuclear No.
size of
nucle-

cli

1.63 2

1.70 4

1.60 6

1.07 2

1.26 Y

1.1k 6
Table ho

Totzl
nucleolar
volume

(2)

37,5771

35,941,2

29,086.8

14,140.7

13.972.7

9,967.6

No.
cells
mea-
sured

10

10

10

10

10

Mean
Level
in root

in

microns

423

uej
423
891
891

891

Minimom
nucleolar
volume

26,437.6

2l gl 5

18,543.0

7:726'3

10,041.6

6,797.2

Size of Size of Sigze of Size of
Maximam cell nucleus cell nucleus
micleolar with vith with with
volune minimim meximim maximom meximm
nucleolarnucleolar nucleolar nucleolsar
volume  volume volume volume
49,998.6 3.46 1.27 5.31 2,00
50,5071 4,39 1.62 4,19 1.79
50,999.7 2.58 1.30 6.U43 2.38
22,194.,0 5.91 1.12 6.9¢ 0.98
19,526.6 8.27 1.31 9.20 1.6
14,458 .2 7.05 1.00 9.70 1.35

Nucleoler number and volume in relation to nuclear and cell size at two

different levels in one root (see table 1l.)

(1)
(2)

Cell and nuclear sizes expressed as square inches X 2000.
Nucleolar volumes expressed in cubic scale units.



Nuclear sizes (1) at different levels
in two roots
’
Nucleolar Mean levels in Microns  Meen levels

Yumber root no. 1 in microns
root no. 2.

\ ! - Y
27 | 243 459 = g9l 27 5 N}

1 mee-m 1,03 1,05 0.95  0.93 1.09
2 0.83  1.02 1,03 1.07 1.02 1.09
3 0.20 0.99 1.03 0.98  0.97 1.10
Y 0.79 0.93  0.99 0.95  0.93 1.03
5 0.72 0.88 0,89 0.86  0.95 0.99
6 0.72  0.91  0.91 0.80  0.89 0.99
7 0.68 0.79 0.83  0.80 0.88 0.97
8 0,67  ==== === 0.80 0.82 ———
hug. 0.7 0.93  0.96 0.90  0.92 1.03

Root No. 1
I
Avg, Number
nuclear of
gize nuclei
all measured
levels
1.01 21
0.98 50
0.95 78
0.91 65
0.83 g3
0.83 57
0.83 37
0.73 8
0.88 399

Root Fo. 2
Avg. Number
nucl ear of
size all nuclei
levels measured
1.Cl 18
1.05 43
1.03 70
0.98 57
0.97 50
0.94 21
0.92 15
0.82 2
0.97 276

Table 5. Nuclear size in relation to nucleolar number at different levels

in two roots of I. sprenceri.

(1) Nucleer sizes expressed as sgusre inches X 2000.
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Avg, No. Avg, Ave. Avg. Maximam :Minimum - Sige of Size of Size of Size of | Noe.
level of cell nuclear total ‘nucleolar nucleolar cell with nucleus cell nucleus of
in the nucleoli size size  nucleolar volume volume  maximum with with with  cells
root (1) (1) volume micleolar maximun — minimum minimim measured
in (2) volume  mnucleolar mucleolar nucleo-
microns volume volume lar
volume” )
27 3 2,21 0.83 . 9,236.8  12,782.9 4,37h.1 2.24 0.97 1,70 0.51 10
DO 7 1.91 0.77_ 6,098.6  10,733.6 3,352.7  2.54 0.79 1.70 0,60 10
459 1 4,33  1.16 33,609.8  U47,%40.6 28,807.8  4.20 1.24 g:ﬂg & %:;%%‘ g
DO 2 4,08 1.18 25,532.2  U45,842.2 1%,219.5  L.46 1.35 3,41 1.10 13
jre} 3 3,U43 1.04 16,532.8  22,519.2 &,330.1  L4.39 1.13 2,89 0.98 10
Do 4 3.9% 1.14 21,960.7  33,590.2 12,301.9 6.1l 1.47 2.45 1.07 10
Do 5 3.1%8 0.93 14,967.6  27,528.4 9,951.3 2,80 1.05 3.02 0.%0 10
Do 6 2.77 0.90 12,879.3 21,740.6  7,306.4 3.6 1.22 2.00 0.72 10
1368 1 5+75 0.93 17,407.9  36,835.2 11,777.0  T7.49 1.04 8.18 0.84 10
D0 2 5692 0.90 13,406.0 17,72L.2 6,617.3  L.17 0.92 5430 0.75 10
DO 3 4.92 0.87 11,514.6  20,4h41.6 4,873.2  5.08 1.07 2.16 0.90 10
DO 4 5e81 0.91 11,401.0  13,99%.6 3,828.6  L4.70 0492 4.07 1.00 10
e 5 5 Ol 0.82 8,661.1  11,363.5 5,515.6  2.23 0.92 3.00 0.85 11
e 6 4,31 0.84  8,223.9  13,708.8 U4,749.7 - 6,07 0.99 4,78 0.70 10
Table 6. Nucleolar number and volume in relation to nuclear and cell size at three

different levels in one root of T. sprengeri.

(1) Size expressed as square inches X 2000,

(2) Volume in cubic scale units.



40 - 1.3 I — [ l N

ALE UNITE (10 to 40 thousand)

KUCLEAR SIZE IN SQUARE INCHES X 2000 {047 to 1.2)

35 « 1,2 —

30 « 1.1 —]

4
25 = 1.0

20 - 0.9 —

15 - 0«8 —

NUCLEOLAR VOLUME IN CUBIC SC

10 - 0.7

| FUMBER OF NUCLEOLI PER NUCLEUS

Figure 12. = Relation between nuclear size, nucleolar volume
apA nucleolar number in root-tips of T. sprengeri and
Caryrara: A, Nuclear size in Carrara; B, nucleolar volume
in Carraras C, nuclear size in T. sprengeri; D, nucleolar

Yolume in T. sprengeri.
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however, is clearly shown by the data recorded in tables 5
and 6. In figure 12 the average nuclear sizes for all levels

in both roots of T. sprengeri recorded in table H have been

plotted against the number of nucleoli. It can be seen that
the rate of decrease in nuclear size is not the same between
all intervals.

Nucleolar, Nuclear and cell volumes, Measurements

made in roots of Carrara and T. sprengeri show that large

nuclei generally have larger nucleolar volumes than small
nuclei in the same sections. Tables U4 znd 6 give the nuclear
and cell sizes together with the nucleolar volumes for =several
levels in one root for each tulip. In each case there is only
one exception to the rule that the highest observed nucleolar
volumes occur in nuclei larger than those containing the
corresponding minimum nucleolar volumes. The large nucleil
usually ocecur in cells of greater cross-sectional area than do
the small nuclei but, several excpetions are recorded in the
tables, In the lcvels of the roots farthest from the apex

the increase ih slze in the areas measured 1is duve chiefly to
an increase in radial dimensions of the cells,

Micleolar volumes at differcnt levels in the root,

——

In table 6 it can be seen that in the root of T. svrenceri

the higzhest nucleolar volumes occur =t the H59 mizcron level,

oy

It is at this level that the average nuclear =ize iz the

greatest, The lowecst nucleolar volumes cceur at the 27 micron
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level where the average nuclear size is also the lowest.
At the 1368 micron level the average nuclear size is
slightly hicher than at the 27 micron level as is also the
average nucleolar volume. At the 27 micren level the mean

ot

number of nucleoli par nucleus for 101l nuclei was 4.82; at t

o
D

459 mieron level it was 3,66 for 11U nuclei; at the 1368
nicron level it was 3,41 for 140 nuclei counted,

The data in table 6§ shows that the higher the
nucleolar number the lower the totsl nucleolsr velume., For
example, at the UB9 micron level the one-nucleolate nuclei
have a "total average nucleclar volume of 3%,605.8 cubic
scale units whereas the nuclei with six nucleoli at the same
level have a total gverage nucleclar volume of only 12,870.3%
cubic scale units = a reducticon of over fifty percent.

In the root ¢f Carrara the same type of deter-
minations {(table U) were mede at L4232 and 891 micron levels,
The nuclel at tle former level aver=zge decidedly larger than
2t the latter level, The same relaticunshipr kolds for the
nuacleolar volumes., At the £9)1 micron level the average totazl
nucleolar volume Tor two-pucleolate nuclel 1z lecs than one-
third the volume at the 423 micron level,

From the maximum and minimum nucleoler volumes
listed in tables UL and 6 it can be seen thet vwhile the aversgs
totel nucleclar volumes show the gradations juet referred tco,

in passing in the roots from one level to the next, the ot

served minimuam and maximum ftotsel nucleoclar volumes fTor indi-
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vidual nuclei do not necessarily show any such gradations.
The maximum nucleolar volumes observed rearly alwsys occur
in nuclei larger than the average whereas the minirum
nucleolar volumes usually occur in nuclei smaller than the
average.

Volumetric measurements above the levels indi-
cated in the tables have not been made. However, by direct
inspection of serial cross sections,and serial longitudinal
sections of several different tulips it was clesr that the
nucleolar volumes are less in regions above the active
mitctic region than in regions nearer the growing noint.
The largest nucleoli occur in or very near to the region of
mosgst active mitosis, It is in this regicrn that the nuclei
attain their greatest dimensions.

Nucleolar volume in relation to chromosome number.

Table 7 summarizes some measurements from diploid and heter-
oprloid cells in & root of La Reine laximus. IlMezsurements
from a root of Carrvara (data from table 4) and from one root
of the triploid Inglescombe Yellow (deta from table 1) are
algo included. The measurements are not strictly comvperable
dne to differences in relative levels in the roots concerned.
To make them so would heve reguired more measurements tran
were possible in this study. The diploid and heteropleid
areas in the one root, however, offered excellent meteriel

for comparisons. The normal nuclel were measured in on arca



Material Avg.,
Determined cell
size (1)

24 chromosome
cells in La 5+79
Reine Maximus.

DO but 72 7 14,70
chromosome cells.

Carrara 24 4 .66
chromosomes
Inglescombe
yellow 36 not det,
chromosomes

Table 7.

b 4

AvE,
nuclear:

size (3)

1.15

3.63

1.70

1.70

Avg, total
nucleolar
volume (2)

20,903.9

43,419.6

35,911.2

32,160.0

Avg,
nucleolar
no. for

nuclei
measured

4.8

23.0

4.0

6.5

(1) Nuclear size in square inches X 2000:
(2) Nucleolar volume in cubic scale units.

Minimam
nucleolar
volume
observed

14,023.6

35,446.1

24, 84,5

21,075.6

JHucleolar volume in relation to chromosome mumber.

Max imam
micleolar
volume
observed

25,171.0
48, 380.8
50,507 »1

40,379.6
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immediately surrounding the chimeral region. In the case of
Carrare the date was obtained from an aree likely to have
relatively higher nucleolar volumes than the region used in
Inglescombe yellow. The data in table 7 shows that in in-
crease in chromosome number is accompanied by an increase in
total nucleolar volume in the case of the rocot of Lz Reine
maximus but, that there is little if any significant differ-
ence between the diploid Carrara and the triploid Inglescombe
yellow, The former even had a slightly higher nucleclar
volume, These two tulips were selected because of their
similarity. To make accurate comparisons of this type it is
cbvious that 211 of the clons should be of the same genctic
origin i.e., absclute auto-polyploids derived by some mesans of
vegetative reproduction. Such tulips of absolutely certain
origin, were not available,

Pre-~Meiotic stages

Material has been wry limited for studies of pre-
meiotic stages. The data here precsented was obtained from
longitudinal sections of anthers. It was difficult to get a
fixation and stain that differentiated the nucleoli clearly.
AThis portion of the investigation was undertaken to determine
thhe nucleclar changes, if any, that occur between the last pre-
meiotic interphase and the heterotype prophase.

Nueleclar number. Nucleolar counts have been mszsde

in three tulips, i.e., the two diploids Mrs. Moon and John
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g

0.20 —

I ) NUKBER OF NUCLEOLI PER NUCLEUS

Figure 13, - Nucleolar frequencies in pre-meiotic interphases
and first meiotic prophase in anthers of Mrs. Moon and John
Rusking A, Mrs. Moon, pre-meiotic interphase, divisions still
occurring, from 263 nuclei with an average nucleclar number of
2.77: B, Mrs. Moon, first meiotic prophase, 105 nuclei with
average nucleolar number of 1,703 ¢, John Ruskin, last pre-
meiotic interphase, from 507 nuclei with an average nucleolar
number of 2.723 D, John Ruskin, first meiotic prophase, from
224 nuclei with an average nucleolar number of 2.25,



0.401

PERCENTAGE OF TOTAL NUCLEI

— 1 o NUMBER OF NUCLEOLI PER NUCLEUS

Figure 14, - Wucleolar frequencies in pre-meiotic and meiotiec

stages in anthers of the triploid Inglescombe Yellow:

A, Pre-meiotic interphase, divisions still occurring in anther,
from 207 nuclei with an average nucleolar number of U.25:

, last pre-meiotic interphase, from 69 nuclei with an average

nucleclar number of 5.023

first meiotic prophase, from 204 nuclei with an average nucleo-

lar number of 2,4l; ,

dyad nuclei, from 100 nuclei with an average nucleolar number

of 5.773

micgospores in tetrad stage, from 400 nuclei with an average

nucleolar number of 4.13,

H U o W

(Note: small nucleolar granules in dyad and tetrad nuclei not
counted. See text)



Buskin and the triploid Inglescombe yellow, In figure 137 the
nucleolar numbers per nucleus have been plotted against their
frequencies for pre-meiotic interphases and the first meiotic
prophase stages in the two diploids. The former stages ob=
served in Mrs. Moon represent a2 condition found several weeks
before the advent of the meiotic prophase. At this time
nuclear divisions were still freocuent in the microsporogenous
tissue. The same stages for Inglescombe Yellow are represente
ed graphically in figure 1Y,

In the pre-meiotic stages in Mrs. lMoon most of the
nuclei possessed one large nucleclus with seversl small addi-
tional ones. Nuclei with five, or less, nearly equal-sized
nucleoli, however, were fairly common. The graphs do not
take these size differen;es into account. The mean number
of nucleoli per nucleus at this stage in Mrs. Moon vas
apprcximately 2.8 whereas the first meiotic prorhase was
charscterized by a mean nucleolar number of ebout 1.7. Nuclei
with seven nucleocli were found at the former stage but, none
with more than five at the latter. The pre-meiotic nuclecli
were typically much more uniformly svherical 1in shape than
root-tip nucleocli. They also lacked the distinct and large
"pudP=like structure so characteristic of the first meiotic
prophase in all tullips examined. Somewhat similar, though
smaller, structures have been observed on pre-meiotic nuclecli,

These are probably satellites,



Figure 15* — Inglescomhe Yellow: A, Pollen mother cells in
last pre-meiotic interphase; B, pollen mother cells in first
meiotic prophase* Photomicrographs X ap* 600%*



Material was obtained from John Ruskin and
Inglescombe Yellow that unguestionably represented the lsst
pre-meiotic interphase. It was collected in September about
ten days before the heterotype prophase was observed in any
bulbs of these varieties. The nuclei in the last pre-meiotiec
interphase were all very uniform in size and appearance
(fig, 15,A). All of the nuclei in the sporogenous tracts
were in the interphase condition. Some anthers of John
Ruskin, collected just before the cessation of divisions were
very similar in avpearance except for slightly smaller nuclei
and the presence of a few nuclei still in the process of divie
sion. The bud-like formations typical of the meiotic prophase
were not observed on pre-meiotic nuclecli of John Ruskin dut,
small stalked spheres r;sumbiing satellites were sometimes
found attached toc nucleoli of Inglescombe Vellow a2t these
stages. In both tulips the average and maximum numbers of
nucleoli were higher in the interphesse preceding the hetero-
tyoe prophase than at the latter stage (figs. 13,14,15).

Meiotic Stages

The nucleolar numbers and volumes remain fairly
constant from leptonema to late diskinesis. The nucleolar
counts and measurements here reported were made chiefly from
late zygonema or early pachynema to early diakinesis, The

nucleoli and the relation of the chromosomes to them were



Figure 17* - Nucleoli and satellited chromosomes at diakinesis:
(in all the figures SAT refers to the satellite or Mbudfli (see
text), N refers to the nucleolus, T denotes the satellite
attachment thread, K marks the position of the kinetochore and
in A the nucleolar membrane is labled NM) A, showing attach-
ment to the nucleolus of one of the chromosome pairs heter®©-
morphic for satellites; B, another nucleus showing same type of
attachment as in A except for distinct connecting thread (T);

C, nucleolus attached to two heteromorphic pairs of chromosomes;
D, showing attachment of both satellites of homomorphic chromo-
some pair to nucleolus; E, nucleolus attached to two hetero-
morphic pairs of chromosomes; F, one of heteromorphic chromo-
some pairs showing satellite; G, homomorphic chromosome pair,
satellites paired. All from the variety.Adonis. Photo. X

ap. UOOO.



mest readily studied 2t these stages. The first meiotic
prophase was remarkably uniform in appearance with respect

to nucleoli, In the diploids each pollen mother cell
nucleus generally possessed one or two large nucleoli)and

one or more additional small ones. Rarely three nearly
equal=-sized ones occurred. The mean numbers of nucleolil

per pollen mother cell nucleus in the forms counted lay be-
tween 1.5 2nd 2.5. The numerical characteristics of meiotic
micleoli are discussed below,

Relation of the chromosomes to the nucleoli. It

was not possible to accurately traée the nucleolar-chromosome
relationships during the contrasction. During late zygonema
and pachynemaz, however, it was focund that each nucleolus was
attached to at least one pair of chromosomes. A fairly tyovi-
cal situation ig illustrated in figure 12, plate 1. Three
chromosomes were attached tc the largest nucleolus and one to
the smaller. There were only two nucleoli present in thie
nucleus. Satellites or "buds“ were not visible.

Whereas all, or practically 2ll, of the chrcocmosomes
in root=tip nuclei are attached directly to nucleocli in the
prophase only a few are go attached in the mciotic prophase
from leptonema to late diakinesis. The nucleoli disappear at
the latter stage. In the somatic nrophase the chromosomes may
be attached terminally or laterally to the nucleoli (fieg. 22,

pl, 1). In first meiotic prophase, however, the chromosomes

are svpparently always attached terminelly. The nuclecli during
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these stages are generslly characterized by a peculiar bud-
like structure situated on the surface of the nucleolus

(figs. 3, 9 and 11, pl. 1 also fie. 16,3, F and J). Rarely

a very finely stalked small satellite-like structure was seen
projecting from the "buad'l. As the result of a study of many
nuclei from early diplotene to late dieXxinesis i1t was concluda
ed that the nucleolar "Dbud" represents the place of attachment,
or the approximate place of attachment of the satellitss to

the nucleolus, This view is in keeping with the occasional
observance of smaller satellite-like structures projecting
from or lying near the "budl, That the association betweep
satellite and "bud" is usually extremely close, however, 1is
evidenced by the condition found in most nucleoli (fig. 3, pl.
1), With sufficient destaining the "bud" usually appears as

a ?artly projecting sphere with a darkly stained center, no
other projections or satellite-like bodies being visible. 1In
siutations like those illustrated in figure 17, A, B, D,and
figs., 1, 6 and 7, pl. 1, it is difficult to distinguish between
"hud!" and satellite. The chromatic connecting thread to the
chromosome arm is often very distinct (fig. 17, B), the large
darkly staining sphere (the "bed"?) epnearing like a true
satellite. In a few cases a second, smaller darkly staining
body, was observed close to the larger sphere but the chromatic
connecting thread sccurred between the larger body and the

chromosome arm. The different aspects of nucleolar structure
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observed during the first prophase are illustrated in figure
17 and figures 1 to 12, plate 1. It seems likely that the
"bud" repressnts 2 nucleolar structure with whiczh the satellite
or satellites are very closely associasted or even fused. How-
ever, 1t also seems likely that in some cases the bud-like
differentiation is absent in which case tvpical satellites
alone are located on the region the "bud" would have occunied
(fig. 1, pl. 1 and fig. 17, D). That the chromosomes them-
selves are firmly attached to the nucleoli is shown by the
conditions illustrated in figures 4 and 9, plate 1 snd, figure
17, E. The nucleolar matter must be considerably plastic to
account for the spindle-~shavped form frequently obsesrved. In
such cases the nucleolus and attached chromosomes look as
though they had been under tension a2t the time of fixation.

in the single late tulip, Adonis, exceptionally
good material was obtained for a study of satellites. Ia this
tulio it was possible to accurately determine the number of
satellited chromosomes, By observing a large number of nuclei
at diskinosis it was found that there are six, and only six,
of these. These are unduestionably the chromosomes that are
associated directly with the nucleoli. There are four pairs
of chromosomes in which one,=2nd only one, homologue of each
pair bears a satellite (figs. 5 and &, plate 1 and fig. 17, F).
There is o fifth vpair in which each homologue bears a satellite,

In this latter pair the satellites are usually, though not
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always, closely paired in the first meiotic prophase (figs.
l and 2, pl. 1 and fig. 17, D and G). All of the satellite-
bearing chromosomes are not necessarily associated with
nucleoli during diakinesis or are all of the same ones always
associated with these structures. (figs. 10 and 11, pl. 1).
The satellites occur on the ends of the distal
(long) arms of the chromosomes. In some cases they have been
observed clearly on me taphase chromosomes in the equitorial
Plate stage. Two typical diakinetic nucleoli are illustrated
in figures_lo and 11, plate 1. In each nucleus 12 pairs of
chromosomes can be readily counted. These have been numbered
more or less grbitrarily a8 it has not been possible to
accurately distinguish all of the different morphological
types characteristic of the tulip karyotype. The satellite-
bearing chromosomes have also been given the same numbers in
each nucleus/but the only pair which can be d&éfinitely determined
is the pair morphologically homologous for satellites (No. 7).
In the nucleus shown in figure 10, plate 1, the
pair morphologically homologous for satellites (number 7) is
not attached to any nucleoclus. Two satellite attachment
threads were apparently present,but the satellites (marked
S in the figure) themselves were very closely paired. Chromo-
some pair 12 is attached to a small spherical nucleolus (N).
The large spindle-shaped nucleolus is attached to ome homo-

logue of each of two pairs of chromosomes (5 and 11). Chromo-
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some pair U is not attached to a2 nucleolus but the satellite
(S) on one of the homologues is distinetly visible. 1In
figure 11, plate l, a very different situation obtains. The
chromosome pair consisting of two satellite-bearing chromo-
somes is here attached by one member to the nrincipal nucleo-
lus (note distinct "bud") and, by the othar homologue to a
much smaller nucleolus. These nucleoli are each attached *to
rairs of chromosomes morphologically non-homologous for
satellites. The small nucleolus is attached to chromosome
number 5§ and the large one to number 4, The other two satel-
lite=bearing chromosomes, numbers 11 and 12; are each attached
to 2 single nucleolus. Apparently 211 nossible comhinations
of association of the satellite-bearing chromosomes with the
nucleoli may occur. The pollen mother cellsg of Adonis moct
often contained but one nucleolus (fig, 18),

In the trinloid, Inglescombe Vellow, trivelent
chromosome groups have been observed at diakinesis in which
each homologue possessed a2 satellite, Others were anmrarently
non-homologous with respect to satellites,

Definite connecting strands, similar to those
obgerved in root-tip mitosis, have béen observed at zygzotene
ond diplotene of the first meiotic prophase. These may
oceur both laterally and terminally between the chromosomes,.
The inter-connections or anastomoses are avpparently rednced

in number 2 the dinlonema stages move into diakinesics,



Figure 16. - Types of nucleolar organization in diploid and
haploid stages of several tulip varieties: A to D, Adonis;

E to H, Herman Waller;y; I to L, Mrs. Moon. All nuclei in
interphase condition. Tive, and single nucleolate nuclei
were arbitrarily selected to represent root-tip and first
meiotic stages. In each case the stages are arranged in the
following order from left to right: root-tip, first meiotic
prophase, dyad stage, and tetrad stage. Camera lucida draw-
ings X 2000, reduced abt. F.
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Whereas the nucleolar matter disappears in late diakinesis
or early metaphase, the satellites may still be visible in
the equatorial plate stage. Usually, however, they too
cannot be seen after diakinesis.

Numerical relations, All of the tulivs examined

are characterized by remarkably low nucleolar frequencies
during the first meiotic prophase. The observed freguencies
are reoresented gravhically in figures 13, 14, 18, 19 and 20.
The frequencies at the second intervhase or tetrad stage are
also given in these figures together with the root-tip fre-
auency for comparison.

Vhereas all of the tulips examined were very
similar in the first meiotic prophesse striking differences
occurred in the hevnloid or reduced nhases. The three princi-
val types observed are illustrated semi-diagrammetically by
camera lucida drawings in figure 15. The first vertical
column on the left, A, E and I, show typical root-tip nuclei.
FPive-nucleolate nuclei were arbitraril? selected. The second
column, B, P and J, illustrates typical nuclei of the first
meiotic prophase, Single-~-nucleolate nuclei were zlso drbi-
trarily chosen. The differences in nucleolsar behavior res-
ponsible for this classification are illustrated in the re-
maining two columns,

In the first type of nucleolar organization (C

and D) the number of nucleoli at first interphase and in the
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Figure 18, = Nucleolar frequencies in Adonis:

A, first meiotic prophase, 400 pollen mother cell nuclei
with average nucleolar number of 1.49;

B, microspores in tetrad stage, 400 nuclei with average

nucleolar number of 2.10;
¢, root-tip, 1000 nuclei with average nucleolar number of

3.57.
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' NUMBER OF NUCLEOLI PER NUCLEUS

Figure 19, - Nucleolar frequencies in Glipsy:
A, first meiotic prophase, 203 pollen mother cell nuclei with

average nucleolar number of 2,33;
B, microspores in tetrad stage, 400 nuclei with average

nucleolar number of 2.53;
G, root-tip, 500 nuclei with average nucleolar number of 4.90.



PERCERTACE OF POTAL NUCLEID

FUMBER OF NUCLEOLI PER NUCLEUS

Figure 20. -~ Nucleolar frequencies in Herman Waller: ‘

A, first meiotic prophase, 200 pollen mother cell nuclei with
average nucleolar number of 1.,91; )

B, microspores in tetrad stage, 100 nuclei with average nucleo-

lar number of 3.10%
C, root-tip, 1231 nuclel with average nucleolar number of 4,0k,

(Note: nucleolar granules in microspores not counted,
See text)
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tetrad stage is always, or nearly always, fixed within
definite limits. The nucleolar numbers occurring in the
heploid nuclei nearly always fall within thé limits possible
on the theory that the maximum number of nucleoli for the
root-tip is egqual to t he number of nucleolus-collecting or
forming chromosomes., There occurs, therefore, a characteris-
tic maximum nucleolar number for haploid nﬁclei. The dyad
illustrated in figure 16 C constitutes the only observed ex-
ception in the tulip Adonis. There are a totzl of seven
nucleoli present whereas the maximum number of nucleolus
collecting chromosomes in the diploid soma is six. No ex-
ceptions were noted in the microspores, however,

In the second type of organization the nucleolar
number is much less regular. Tumbers of nucleoli are found at
the dyad 2nd tetrad stage that could not possibly occur if the
nucleolar chromosomes all continued to function completely in
the haploid cells. The extra nucleoli are usually small, how-
ever, and the larger nucleoli do follow a somewhat regular
distribution (fig. 19).

The third type shows no definite nucleolar organi-
zation whatever in the haploid nuclei, The number of nucleo-
1lar bodies (or granules) frequently is above the number of
chromosomes., All of the dyasd and tetrad nuclei show the same

lack of nucleolar orgsnization 1.e., there is no segregation

of this factor.,



Name and Root=-tip
the "eharacteristic
somatic areal

chromosome
number (Det.
in root-tip)

¢
t
|

Avg.1 Max, No.
Det.
(1)
S.L.Adonis (24 3,60 6 1000
M. MHerman
Taller (21) 4,05 7 1231
S.L.¥rs.Moon 4,73 g 26h40
(2h)
S.I:o JOl’ln
Ruskin (24} 4.89 8 LKgs
M.M.Gipsy (24) L.65 9 500
S.L.Inglescambe
yellew (36) 7.89 13 1L75

Table 8,

Anther Anther Miscrospores
Last pre-meiotic TFirst meiotic Tetrad
inter-phase prophase stage(2)
: !
Avg. Max. TNo, Aveg, Max, Yo, Avg., MNax., VNo.
Det. Det., Det.
not not e~--- 1.k 3 Yoo 2,10 4 400
det. det,
3.10 7
DO DO e=-== 1.91 4 200 Pius Plzs 100
100
DO D0 a-mue 1,70 5 105 n n plus
not not
2,72 6 507 2.25 L 22k  det. det, —m—==
not not ----- 2.33 L 203 2,53 § or 400
det. det. 67
L.13 g
5.2 11 69 2,44 7  2ou Plus plus 500
n n

Nucleolar numbers in certain garden tulips,

maximum numbers per nucleus are listed., Note:
o reoot tip nuclei counted to obtain maximum nucleolar number,

Average values based on data of table 1,
to an indefinite number of nucleolar granules,

Average and

(1) total numbers

(2) symbol (n) refers



The above described tyvpes of nucleolar orgesniza-
tion have been checked in both smear and paraffin-sectioned
material., They are unguestionably characteristic of the
particular clons investigated and do not represent the re-
sults of fixation, pre-treatment, etec. he single late or,
cottage tulip, Adonis and the NVew llendel tulip Ginsy belong
in the first class whereas the YNew Mendel, Herman Waller and,
the single late Ingelscombe Yellow belong in the cecond class.
Mrs. Moon is the only representative of the third class found
thus far. Other tulips have not yet been classified on this
basis.

For the sake of comparison the nucleolar numerical
characteristics at different stages in the 1ife cycle have
been brought together in table 8.

VYolumatric relationse. The nucleolar volumes at

any given stage are more constant during the nhases of

meiosis in the anther than in root-tip nucleoli, Some varic-
tion was observed in average total nuclesclar velumes following
different fixetives and methods of preparation, however. Forv
examnle in o permanent smear fixed in Mermmingt's mediunm fluvid
from one anther of & bulbh of Inglescomkhe YVellow the averzage
total nucleclar volume for ten pollen mother cell nuclsi in
firet meictic prozhase wes 11,177.9 cutic ccoele units. In

the some type of material from snother bull fixed in Flemming's
e totsl

fluid and prepared by the pareffin techniec the aver

a
8]
(o

volume for ten nuclei wews 10,881.0C cublc cczle unite, In the



former determination the maximum total volume observed was
13,645.2 cubic scale units and, the minimum 7,030.8 cubic
units whereas in the lztter the maximum was 14,576.0 cubic
units and the minimum 7,257.6. In a third determination

from another bulb the average to%al volume for the first
vprophase was 8,316.6 cubic scale units for 5L pollen mother
cell nuclei. The maximum value obtained wes 11,497.9 cubic
units a2né the minimum 5,636.2 cubic units. Terens the first
two determinations were esssntially the same the third was
quite different.

Ten last pre-melotic internhase nuclei in an
anther of Inglescombe Yellow had an average ftotal nucleolar
volume of 12,337.4 cubic scale units. The highest volume was
16,961.6 cubic units and the lowest 8,625.7 cubic scale units.
The average nuclear size was approximately 1.6 (squere inches
¥ 2000). Table O presents volumetric date for the nucleoli
of three tulips ir which measurements were made in both root-
tips and sporogenous tracts of anthers. The date ie¢ intended
to give only & very snproximate ides of the ralative volumes

of nucleolar matter ot different stages of the life cycle.



Name of Tulip and Chromosome number

Stage
of Measurements Single late New Mendel Single late
life ADONIS (2U) GIPSY (2L4) INGLESCCMBE
cycle YELLOW (36)
Avg.Nuclear size 1.33 1.77 1.70
o (1)
e | Max. Nucleolar
volume (2) 32,131.9 55,016 .2 40,879.6
— Avg. Nucleolar
5 §. volume 18,386.u4 37,819.7 32,160.0
= 2 Min. Nucleolar ~
28 volume 8,796 .4 29,102.7 21,075.6
gv jﬁ.vg.no. Nucleoli in = ’
@A nuclei measured (3) 3.6 5.8 6.5
Number of'Nuciei ‘
measured 10 10 10
Avg. Nuclear size 1.44 1l.42 254
« Max. Nucleolar
% volume 12,8014.2 14,973 .4 13,645.2
o
m —_— e e - -
A Avg. Tucleolar
e " volume 10,055.5 g,800.8 11,177.9
&= @ e : : S :
SE  Min. Nucleolar
gﬂ: ‘é volume 6,633%.8 5,662.1 7,030.8
a Avg.no.Nucleoli in
il nuclei measured 1.5 2yl 1.7
Number of Nuclei
measured 20 10 10
r?: Avg. Nuclear size 0.51 0.73 0.60 (a)
B3 ] Max. Nucleolar "
3 2,358. 175.2 I, o588,
E volume :35 3 31» 75 95—58 5
Avg. Hucleolar
B~ 7 Selume 1,323.2 2,092.0 2,597.7 (b)
[ 72 2] o
< Min. Nucleolar
g E volume T42.7 1,584.3 1,828.5
B~ ' jpvg.no.Nucleoli in
(o)
= _nuclei measured 2.0 245 39
= Number of Nuclei 4o 20 8 === 52
measured b ——— 28
Table 9. Nucleolar volumes compared in root tips, first meiotic vrophase

and microspores. Note: (1) avg. nuclear size expresged in cross—-sectionnl
areas as square inches X 2000; (2) volumes in cubic scale units: (3) re-
presente.tive nuclei arbitrarily selected for measurement. For characteristic
means see Table. l.



DISCUSSION

There can be little doubt that the nucleolar mater-
ijal (plastin) is developed by or on the chromosomes in telo-
phase, The observations of many workers, Van Canp (29),
Dermen (1), Sorokin (25), Zirkle (33), VWager (30), Heitz (5),
McClintoeck (11), etc. all support this view. There has been
considerable divergence of opinion, however, as to the exact
method of origin. Heitz (5), for example, as a result of
work on a number of monocots a2nd dicots came to the conclu-
sion (5 vg.779) that "Die Nukleolen enstehen an (nicht aus)
bestimmten chromosomen', These chromosomes he designated
as nucleolus chromosomes or "SAT Chromosomen' because they
possessed trabants or satellites set off by achrometic
threads or constrﬁctions the latter being "Thymonukleinssure-
frein Stellen" (i.e., "sine acido thymonucleinico"). The
nucleolus, according to him, develops in thie achromatic
region behind the satellite. It is important to stress his
use of the word "an" in contrast to "zus" to denote tﬁe origin
of the nucleoclus. Heitz also obgserved that the nucleolar
number in telophase ("primarzahl") was equivselent to the
number of SAT-chromosomes chaeracterisiic of the smecies. He
(6) later showed, however, that when emall extra nuclei wefFe
formed by lagging or fragmented chromosomes these might form
s nucleolus even when the SAT-region wes sabsent. From this

he concluded that 211 chromosomes give off the nucleolar
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material but that the SAT-chromosomes perform the function
of organizing this into a definite number of bodies.

McClintook (12) has shown in Zea that it is not the
achromatic stalk of the satellite but a specialized region
Just behind this that is the real nucleolus-forming region.
In contrast to the above views Schaede (20), working with

Allium, Lilium, etc., came to the conclusion that the nucleo~

1li form not from the telophase chromosomes but rather result
from a condensation of small vacuole-like particles that ori-
ginate in the nuclear sap. Sorokin (25) found that the

nucleoli contain at least part of the actual chromatin of the

chromosomes in Ranunculus, Anemonella, and Isopyrum. Accord-

ing to Dermen (1) the nucleolus may represent a by-product of
the chromosome matrix and the nuclear sap formed as a surface
phenomenon which caﬁlbe explained by the assumption that a
chemical reaction takes place between the surface substance of
the chromosomes ancd the surrounding medium. Zirkle (33, pg.hl})
as a result of his studies on Zea concluded that "as the chromo-
somes unite to form the daughter nuclei, and as the nuclear
membranes are formed, the nucleolar material collects into
several droplets. These droplets, united by stazinable threzads
flow together and form the nucleolus of the resting celll,
Zirkle's description for the telophase in Zea seems
to fit the situation in Tulipa. In the latter genus the
chromosomes establish inter- and intra-connections between

their arms during anaphase and tglophase. These anastomoses
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appear to originate from the matrix substance and may weoll
facilitate the aggregation of nlastin in the télophase.
Inter-connected masses of the latiter moterial os described

by Zirkle (33) for Zea also occur in Tulipe (fi

.
2 C, 5, T,

n.
(o

G)f The plastin is epnarently matrieal in crigin, originat-
ing from the mass of anastomosed telovhase chromosomes.
There are pnresent in each telovnhase nucleus a definite number
of nucleolus-organizing centere which eventuslly, with or
without fusion of adjacent centers, become the interphase
nacleoli. It is belisved that these plastin-colliescting
centers represent the positions occuvied by the nucleclus-
forming regions of certain chromosomes of the comnlement al-
though this cannot be observed in mitosis. However, from
evidence obtained at meiotic stages it seems very probable
that it is the satellite-bearing ends of certain chromoscmes
thet so function.

fuch has been written as to the relation between the
prophase chromosomes and the nucleolus. The majority of
workers in thig field have described the definite attachment
of the chromosomes to the nucleolus in somatic onrophases.
Zirkle (3%, fig. 2) in Zes fisgures distinct atitachment of
the "soireme” to the nucleolus. Wis figuces for Piaus (34
fig., 27, p1.6, figs., 1,2,3, ete., pl.3) are very clear and
definite. Wager (30) presents illustrations showing cloarly
the attachment of the prophsse chromosomes to the nucleolus,

Such attachments to the nucleolus are fisured sbundently in
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both nucleolar and other cytological literature. These
cover a wide range of micro-technical methods and material.,
There can be no doubt that the chromosomes of many organi-cns
are regularly attached to the nucleoli in somatic prophase.

There cannot be the slightest doubt of this in Tulina. In

this genus, at least, it seems possible that the actual
attachment of the chromosomes to the nucleolus oceurs in early
telophase. This has not been substantiated, but there is an
indication of nucleolar-chromopema attachments in the inter-
phase. Zirkle (33), however, was unable to definitely demon-
strate connection of the chromosomes to the nucleolus at
interphase in Zea. The charscteristic "bouquet" arrangement
of all or most of the chromosomes (fig.l, H and 2, J,X,L).
about the nuéleoli sugeests that some sort of an atiraction
may exist between the nucleolus-forming centers and the
chromosomes. It is possible that the activities of nucleolus
organization accomplished by the nucleolus-forming chromosomes
brings this about.

Dermen (1) seems to attach little significance to the

attachment of the chromosomes to the nucleolus. In Ffact (peg.

314) he " —---found no connection between the nucleolus 2nd
chromosomes in Yucca." As a result of applying reagents to

living stigma hair cells of Callisia Dermen (1 »g.%05) ceome
to the conclusion "———-- that even a2t early stages there isg
no complete direct association between 2ll the chromosomes

and the nucleolus and that a single attachment »noint between
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a chromosome end a nucleolus can not be considered of any
vhysiological importance".

As already mentioned, Zirklet's (3L4) drewings and
photomicrogranhs of nuclei in Pinus are unusually clzar and
convincing with respect to the attachment of the chromosomes.
to the nucleolus. Dermen (1) likewise worked with Pinus
but, due to technical difficulties did not figure the chromo-
somes in any of his illustrations of this genus in vhich
naocleoli were involved, Two of his figures are of cells in

Pinus strobus, the same species used by Zirkle, Frew and

Bowen (3), however, like Dermen were unable to establish
nucleolar~chromosomal connections. In regard to Derman'ts
(1) view that the attachment of only cne chromosome to the
nucleolus could have no mnhysiological significance the
anparently general occurrence of anastcmoses between chromo-
somes {(see Sharp (21, peg.1l35) should be considered. While
these may have no physiological impertance whatever, it
should be noted that in Tulina at least, they may persist
in the root-tip until well into metaphase. If the chromo=-
somes form an inter-connected plexus in the prophase it
would be at least unwise to assume that the connection of
one or o Tew members of the plexus with the nucleolus wes
without physiological significance to the other members.
Another featunre of the prophase theat has atitracted

much attention is the relation of the satellites to the

nucleolus. S. Navashin (17,18) was the first to call atten-
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tion to these structures. In Galtonia candicans he was able

to show that the satellite-bearing chromosomes in somatic
prophase were in contact with the nucleolus by their sstellites,.
The work of Heitz (6) has already been referred to. Mellintock
(12) described the satellites borne on the members of chromo-

is on meioticmchromosomes. These are definitely the nucleolus-
forming chromosomes. Sorokin (25) observed structures
("nucleolosomes"), probably satellites, constantlvy associzted

with prophase nucleoli in Ranunculus abortivus, Anemonella

thalictroides and Isopyrum biternatum. She wss able to de-

finitely establish the identity of "nucleolosomes" and true
chromosomal satellites in R.chius. Smith (23) has presented

a clear account of the satellites in rélation to the nucleolus

in Galtonia candicans. In somatic prophases he found at least

one of the satellite chromosomes near the nucleolus and in
many cases the satellite was in contact with it. Dermen (1)
observed some relation between satellite chromosomes and
nucleoli,but nz does not seem to be convinced of its constancy
or importance.

It ig difficult to demonstrstse the satellites in the
somatic prophase of Tulina. Thile they have bteen definitely
observed a2t this cstage it was very difficult to determine the
exsct number of chromosomes bearing them in root-tip nuclel,

The large number and size of the chromosomzs together with
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the minuteness of the satellites (in most cases) make it
practically impossible to do this. At metanhase satellites
were more easily seen but, except for a few cases the nucleo-
lar matter had all disavpeared a2t this stage. The metevhase

satellites are more distinect in T. svrengeri than in any

other tulip examined. A maximum of seven satellited chromo-
somes was found in one metaphase plate but ususlly the number
observed was much less,. The highest observed number of
nicleoli in thisg tulip is eight.

In addition to the fact that the satellites may be
hidden bensath the chromosome zarms the attachment thread is
often so short that the satellite and chromosome arm seem to
be fused. A similar situation has been reported by Holings-
head and Babecock (7) in Crepis. The work of MeClintock (12)
and of M. MNavashin (16) is undoubtedly of great importence in
this connection. This will be considered in connection with
2 discussion of meiosis below. It is gsufficient to say at
this point with respect to Tulipa, that if the same chromo-
somes function in nucleolus formation in both the root-tip
and in microsporogenesis Heitz's contention with resmect to
these chromosomes can be almost certainly verified, at least
in the case of the single late tulip Adonis,

Mhe intervphase nucleoli of Tulipa have heen studied
principally in respect to their number in the root-tip. De

Mol (13) was the first to call attention to the resmlar



numbers of nucleoli that chrracterize certain »lants. Tor
example, in diploid, triploid, and tetranloid vaorieties of
Hyacinth he found maximum nucleolar numbers of tvo, three

14

and four respectively,

In the majority of investicated organismsthe nuclco-
lar numbexr is relatively low., Thus, to mention e few, Sorokin
(25) found one or two nucleoli in the Ranunculscesne investi-
gated by her, Zirkle (23) 2nd lcClintock (12) remort one and
two (one in about 90% of the cells) in somatic cells of Zea

mays, Dermen (1) found two and rerelv three nuclecli in

Callisia, Heitz (6) in Vicis faba with two SAT-chromosomes

found two, and Frew and Bowen (3) & single nucleolus in

Cucurbitg pepo and C.maxima, Of particuler interest, however,

are those species in which the nucleolsr number is relatively

high., Zirkle (34) found nuclei containing five, six, or seven

nucleoli of common occurrence in Pinus gtrobus. A limlted
number contained four or =2isht but the average was six. Dew
tailed countes of a number of nucleoclil are not precented.
According to Zirkle (34, pg.93) plurality of nucleoli is of

common occurrence.in some genera. He lists Abies, Cedrusg,

Larix, Picea, Pseudotszuga, Scisdopilys and Tsuga as nlants

having high nucleolar numbers. He also states that other
gymnosperms have regulerly dbut two nuclecll ir 2 nucleunus, Tut
that even these may Te subject to veriability. In the lcw

number groun he cites Agathis, Girkge, Juniperus, Sequeie,




Texus and Thuja. Dermen (1) found =s many as 14 nuecleoli

in a cell of Pinus strobus. Schaoede (20) found ithree tc five

nucleoli in resting cells of Lilium martagon and, correspond-

ingly more in telophzse. In 211 of the investigations referred
to the number of nucleolar hodies was more numerous in telo-
rhase than in interphase. PFusion of nucleoli in telophase
probably accounts for this, In some cases at least it is
doubtful whether the masses of nucleolar matter observed at
this stage should be called nucleoli in the sense that they
represent the definite morphological units generslly implied

by this term. In one way they represent nucleocli in the pro-
cess of formation,

De ol (12) has revorted that the "complex" nucleoli
present at the end of telophase may fregment to give several
Ysimple" nuclecli. Discussion of prophase so-called nucleolar
frzgmentation will not be discussed here other than to say 1%
almost certainly does not occur in Tulina. As Dermen (1) has
pointed out i% 1g¢ very doubtful if it is a real occurrence.

De Mol's (13) work on nucleolar number was very
thorough, but the formsg worked with Dy him noscessed relative-
1y low nucleolar numbers. So far ag the writer is aware there

has been no thorough numerical analysis of 2 »plant with = high

W
ot

nucleolar number. A detailed statisticzl anelysis of the data
obtained in Tulipa will not be given in this panper. The most
significant facts can be observed by inspection of the tables

and graphs. Bach clon is obviously charscterized by = defi-



40

nits and characteristic maximum nucleclar number. The

average number of nucleoli (see table 2) occurring in =

given clon is usually roughly »proportionzl to the maximum,
Thus Adonis has 2 maximum of 6 »nd =n average of 3.6,

Hermen Waller is characterized by a2 nmaximam of 7 and 2an
average of 4,0, Louis XIV has maximum and sverage nuclenlar
numbers of 9 and 5.2 resnectively. Fach of these variesties
hes 2 somatic chromosome complement of 24 chromosomes. In

ma iy of the tulips thousands of nuclei have been examined zndéd
the nucleolar numbers have never gone above the maximunm
characteristic for the different clons. The only logical con-
clusion that can be drawn is that 2 definite number of nucleo-
lus=-forming chromosomes are functioning in each case. It
should be vnointed out in this connection that while the exact
number of satellited chromosomes have not been determined the
number of these observed in some cases is cuite high.- in T,
snrengeri only one less than the maximum nucleolar number,

The concent of a Adefinite number of nucleolus-forming chromo-
somes is in ¥eeping with the findings of Helt:z (5), Mclintock
(12), De ol (13) etc. on other genera. In one tulip, Adonis,
it has been definitely ghown that the meximum nucleclar number
in the roont-tin corresponds exactly to the number of satellited
chromosnmaes (nucleolus chromosomes) ocenrring in the FTirct
meiotic nrophasc. The exact number of nucleolus-Forming

chromoesomes at meioslis have not been deternined for any other

tuliv.
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A further study of the numerical data shows that
the average nucleolar number is subject to variation but, if
adjustments are made for different levels in the root an
average number falirly characteristic of the clon can be ob-
tained. As mentioned before, nucleolar numbers lower than
the maximum are probably due to fusions between plastin
masses that develop in the telophase. In this study it was
noted that the average number of nucleoli sometimes showed
2 uniform variation between different levels of the same
root (fig. 4). Spatial segregation of the nucleolus-forming
chromosomes is obviously one of the important factors con-
cerned here. As Heitz (5) has shown, when the nucleolus-
organizing portions of two chromosomes‘lie close together in
the telophase nucleus the chance of fusion between the two
developing nucleoli is greatly enhanced.

Another point of interest in connection with nucleo-
lar number is its relation to an increase in chromosome
number through auto-nolynleidy. De Mol (13) has claimed a
direct correlation between the two. Dermen (1), however,
was unable to demonstrate a consistent nroportional relation-
ship betweeﬁ the two in a2 polyploid series of Petunia. The t
auto-polyploidy in ZTulipa may result in an increase in nucleo-
lar number is clear from the situation in chimeral sectors of

root-tips (fig. 11). It does not follow, however, that an
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increase in chromosome number is always associated with an

increase in nucleolar number. Tor exeample, T.stellata,

T. chrysentha, and T. clusiana constitute a vpolyploid series
(diploid, tetraploid and pentaploid respectively) the members
of which are probably not specifically distinct although vary-

ing in certain minor characters. The U8-chromosome T.chryssntha

has an average nucleolar number (see table 2) considerably
lower than could be expected if a progressive incresse in
chromosome number were always accompanieA by an equivealent
increase in the number of nucleoli. Other similar cases can
be found in table 2. It should be stressed that the species
mentioned above are not auto-polynloids in the strictest
sense, &.e., they ﬁave not all been derived from the same
seed by purely vegetative propogatioql There has been ample
opportunity for the cocurrence of a number of chromosomal
irregularities due to segmental inter-=chsnge, fragmentation,
etc. TFTurthermore it scems likely that at least some of these
forms are rather heterogzygous. The phenomenon of "amphivnlasty"
discovered by !. Wavashin (15,16) is of interest in connection
with the seemingly irregular inheritance of the nucleolus—form—
ing ability of certain chromoscmes. This will Dbe discussed
in more detail under meiosis.

Volumetric studies of nucleoli and nuclei have
shown that large nuclel generally have higher totael nucleolar
volumes than do small nuclei, This is in keeping with Dermen's

(1) obgservations. Nuclei with a high number of nucleoli
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usually have lower total nucleolar volumes than do nucleil
with only 2 few nucleoli.

An increase in chromosome number may be asso-
ciated with an increase in nucleolar volume (see heteroploid)
chimeras), but this relation does not necessarily hold be-
tween different diploid and triploid varieties, e.g.,

Carrara (2n) and Inglescombe Yellow (3n). Humphrey ( 9),
however, has observed s consistent reletion between chromo-
some number and nucleolar volume in tomato. There is little
correlation, positive or negative, between nuclear size per
se and nucleolar number. In Carrara (fig. 12) a slight
rositive correlation is indiceted but the exceptions were of
such a nature as to indicete little significance to the seem-
ing relationship. A negative correllation is indicsted in

T. sprengeri but exceptions also occur. It seems that the

relation between nuclear size and nucleolar number, if any,
is 2t best an indirect one.

NMuclear size might a»npear to be related to nucleo-
lar number because of the possible effect on snmacing of the
chromosomes. It is obvious, however, that the size of an
interphase nucleus will not necessarily vre-determine the
spatial arrangement of the chromosomes in the ensuing telo-
phase. At the latter stage the chromosomes are always very
closely associated (fig. 1, B.C.). It is important to note
that Dermen (1) and Lutman (10) have both clearly shown that

nucleolear volume is closely related to the nutrition of the
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cell. Regardless of all the factors involved it seems al-
most certain that the spatial arrangement of the nucleolus-—
forming chromosomes at telophase, and the relative amounts,
of plastin generated at that stage, determine largely the
number of nucleoli formed. Large amounts of plastin would
encourage fusion of nucleoli and thus a reduction in their
number, )

The nucleolar situation in meiotic and pre-meiotic
stages is rather different than in the root-tip. Differences
occur in number, volume and structure of the nucleoli. There
appears to be a reduction in nucleolar number between the
last pre-meiotic interphase and some early stage of the first
prophase. This avpparently occurs previous to synapsis of
the chromonemata. In Inglescombe Yellow, at least, there is
apparently no reduction in nucleolar volume associated with
this. Some sort of prophese fusion of nucleoli is therefore
indicated. Dermen (1, pg.297) observed that "In pinus at
early 1éptotene and during early diplotene, as many as nine
nucleoll were found, the number decreasing as the development
of the nucleolus advances but, the volume of total nucleoli
not showing any decrease“. The relation between the pre-=
meiotic and first orophase stages is therefore avvarently
similar in the two genera,.

As the result of each meiotic division in Tulipa

the nuclear and nucleolar volumes of each resulting nucleus
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are progressively reduced but the total nucleolar volume for

the whole tetrad of microspores is about the same as that of

the pollen mother cell (table 9). Dermen (1,footnote pg.305),
found that in Callisia +the nucleolar volume varied in differ-
ent parts of the plant system but was constant in all cells

at all stages in microsporogenous tissue, measuring about M.
microns. He reports that "——-- the size may be about U4 microns",
in the root-tip. This is quite different from Tulipa where

the average nucleolar volume in the mitotic region of the root-
tip is much higher than in the sporogenous cells.

The first meiotic prophase nucleoli are usually
charascterized by a peculisgr bud-like structure which is asso-
cizted with the attachments of the satellited chromosomes., The
latter may not all be attached to the nucleolus but at least
one is. This attachment is very definite (fig. 17, A to E).
Association of the satellited chromosomes seems to be of
wide occurrence but, reporfs as to its constancy in any one
organism vary. Newton and Darlington (19, 3c, pl.I; 4, »l.
ITI, etc.) figure distinct bud-like structures on nucleoli of
Tulipa in first meiotic prophase. The only satellite illustrat-
ed in this paper occurs in a somatic metaphase plate of
Keizerskroon (19, text fig. 1). ITone of these structures are
mentioned. The attachment of the chromosomes to the nucleoli
are not désignated although in fig. 3¢, pl. 1, the trivalent

is avparently definitely attached to the nucleolus.
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Smith (23) has shown definite attachment of the

satellited chromosomes to the nucleolus in Galtonia candiczns.

The heterotype nucleoli were cheracterized by one or two
"buds" the satellites of the chromosomes being associated
with these in the constricted region. The buds are somewhat

similar to the ones seen in Tulipa but in Galtonia the dis-~

tinction between "bud" and satellite is much more clearly de-
fined. Dermen (1) frequently observed "a bud-like growth"
on the side of the meiotic nucleolus but, was unable to
establish its relationship with other nuclear structures. He
could not demonstrate more than occassional association be-
tween the satellited chromosomes and the nucleolus. In Tulipa,
at least, the nucleolar "buds'" are apparently of considerable
significance being associated intimately with the satellites
and attachment of the chromosomes to the nucleolus as before
mentioned. Horton (8) in Triticum observed attachment of the
satellites to the diakinetic nucleoli in about 20 percent of
2305 nuclei examined. McClintock (12) has clearly demonstrated
regular attachment of the nucleoclus-orgenizing chromosomes in
Zea mays. No explanation is offered for the different results
obtained by these workers but, in Tulipa the association be-
tween satellited chromosomes and nucleoli in first prophase
seems to be of constant occurrence in the veriletlies examined.
Of particular significance in Tulipa is the fact
that the satellited chromosomes are not alwavs morphologically

alilke in the heterotypic nrophease. Thus in Adonis there is
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one palr in which each homologue bears o satellite 2nd four
rairs in which only one of each bears one of these structures.
The satellited chromosomes are the only ones thst are attach-
ed to the nucleolus. The occurrence of satellite differences
in otherwise homologous chromosomes was revorted by S. Mava-

shin in Galtonia candicans. He described races in which either

all large, all small, or both large end small satellites were
present. The firgt two he called "symmetrical" races, the
latter "assymetrical! races. In ali of the races the satellites
were typically associated with the nucleolus. Smith (23),

however, was unable %o show distinct races or forms in

Geltonia candicans on the basis of Navashin's criterea. Smith

(23) in referring to some work of Zmme (2) states that the
latter found a number of varieties of barley to be "——- poly~
morphic with regard to the presence or absence of one or both
satellites of a particular pair of chromosomes%. Tmme called
these chromosomes "Nebenchromosomen". In U4 varieties of
Hordeum he found two with 2 of these peculiar chromosomes, 17
with one ecach and the rest without any. His figures do not
give the impression that these structures are true satellites.
The kinetochores of the chromosomes are not definitely shown,
the "neben" bodies anvearing much like a portion of the chromo-
some arm. The attachment threads are verv coarse in some
instances. That Emme (2 pg.232) did not consider these

portions of the chromosome arm proper is clearly shown by
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his statement "Das TFadchen ist scheinbar ein echter Faden
und lkeine fconstriction! nach Sakamura®". The relation of
these chromosomes to the nucleolus was not considered. IFf
these chromosomes in barley are of the nucleolus-generating
type the situation is very similar to that observed in Tulivea.
The differences in nucleolus-~orgenizing power,
observed in the haploid nuclei of some tulip verieties, is
of particular interest. The nucleolus-forming chromosomes
may only partially lose this ability in dyad and microspore
nuclei or there may be no nucleolar organization whatever at
these stages. In the latter case (Mrs. Moon) the plastin
apparently originates from 211 the chromosomes forming an
indefinite number of nucleolar granules Wﬁich may be more
numerouns than the chromosomes., TIvery microspore nucleus shows
the same lack of organization i.e., there is no segregation
of the factors resnonsible for this condition. Hybrids
formed from an "organized" type and the "unorganized!" variety
(the latter used as pollen parent) show ordinary nucleolar
behavior in the root-tip. The nucleolus-forming power of
the chromosomes is therefore present in the hybé?d. As the
hybrids (see table 2, Louis XIV X Mrs. Moon) had nucleolar
maxima of at least eight, some of the nucleolus-forming chromo-
somes must have come from the pollen parent, Mrs. Moon. This
is substantioted by microsvnore studies in Louls XIV which
show that the nucleolus-organizing chromosomes in this tulio

are sbout equally distributed in meiosis., ILouis XIV has a
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maximum of 9 nucleoli per nucleus in the root-tivp.

Two papers by lMeClintock (12) and M. Mevashin
(16) have already been referred to. They have an important
bearing on the occurrence of asymmetry of satellite chromo-
somes in Tulipa and upon the'peculiar types of haploid nucleo-
1§r organization just described. McClintock (12) found
chromosome VI in Zes mays to be characterized bv a deeply
staining body just behind the satellite stalk that functions
as a nucleolus-forming organ, As a result of X-ray treatment
2 chromosomal interchange resulted in which this body was split
in two, each inter-changed chromosome getting a section.
Whereas in ordinary haploid, diploid and triploid tissues
rossessing normal chromosome VI there were respectively one,
two and three nucleoli, various wveculiar nucleclar situations
resulted in plants having one or more inter-changed chromo-
somes. Plants homozygous for the inter-change developed four
nucleoli in their somatic telonhases two being typically larger
than the others. The sizes of the nucleoli were proportional
to the sizes of the portions of the chromosome-forming bodies
pregsent. Plants heterozygous for the interchange ceveloped
three nucleoli in their somatic telophases, -the microspores
showing segregation. One of her very significant contribu-
tions was the demonstration of different "functional capacitys"
for the two types of inter-change chromosomes. When both
types were present in the same nucleus the chromosome with

the largest segment of the nucleolus-organizing body formed
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a large nucleolus and the other chromosome a smsll one. Then
the latter was present alone in a2 nucleus it developed a
typical large nucleolus. She found furthermore (12,pg.322)
that "The activity of the nucleolar-orgesnizing element is
hindered by certain genomic deficiencies". When this hevnpen-
ed many small nucleolus-like bodies developed but were never
organized into definite nucleoli. According to her "These
small nucleoli appear to develop from a swelling and later
collection into droplets of the matrix substance of the
chromosomel®, Creighton (see McClintock (12) pg. 321) ob-
served a similar phenomenon in Zea when chromosome comple-
ments lacking the entire nucleoclus~forming region of chromg-
some VI were formed in microsporogenesis. An indefinite
number of nucleoclar bodies were found in such microspores.
O0f interest in connection with the avparent disanpearance of
satellites, is McClintock's (12 pg.298) observation that the
length of the attachment thread in chromosome VI varied great-
ly in different nuclei. This seemed %o depend "———- upon
the distance the satellite was removed from the nucleolar-
organizing body in the previous prophase and also upon the
stage at which the satellited chromosome is released from
the nucleolus in the late vorophecse’,. This difference in
satellite thread length carries over into metavhase.
MeClintock's (12) results are very suggestive in

connection with the workK of . Navashin (16) on Crevis.
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Navashin (15) had, previously observed the epparent loss of

& satellite in certain Cre»nis hybrids. This phenomenon he
termed "amphiplasty". In his recent paper (16 pg.199) he
reports that this change "--- is reversible and the satellit-
ed chromosomes recover their normal shape as soon as the pure
complement 1s extracted from the hybrid by means of segrega-
tion". He found "-.. that the vpresence of a2n incomplete
haploid set of the one swnecies is sufficient to cause changes
in two satellited chromosomes of the otherV. This "leoss?

of the satellite he found was in reality due to its fusion
with the arm of the chromosome. MeClintock (12) suggests
that this phenomenon in Crepis may be explained on the
assumption of differential nucleolus-organizing vowers of the
satellited chromosomes of the hybrid. Thus, due to the
failure of certain of these to function in nucleolus formso-
tion their sztellite stalks never become elongated and the
satellite cannot be differentiated from the chromosome arm.
Mavashin did not report nucleolar behavior in these plants.

It is possible that certain nucleolar phenomena
observed in Tulipa can be explained on the basis of McClintock's
contentions. MThe occurrence of different numbers of function-
ing nucleolus-forming chromosomes in the varieties cnd svecies-
clonsg suggests that a situation similer to that occurring in
Crepis may exist. The behavior in microsporogenesis shows
conclusively that the ability of the nucleolus-forming chromo-

somes to function in some cases devends upon the combination
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of chromosomes present. Thus, in Mrs. Moon both haploid sets

are unable to function alone. In this respect the situsation
in Zea Adiffers. McClintock (12) observed segregation in the

abnormal behavior in microsporogenesis. As pointed out above,
this does not occur in the variety of Tulipa. In the latter
case 1t was therefore possible to definitely test the fertility
of the microspores showing lack of nucleolar organizaetion.
There is little if any reduction in fertility due to this
concdition. This shows furthermore that nuclegﬁér divisions
can occur without the presence of a limited number of definite-
ly organized nucleoli because the vpollen grains of HMrs. Moon

each contaein several nuclei.
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SUMMARY

(1) The deveclopment of nucleoli in mitosis is
described. The nucleoler plastin appears to originate
from the matrix in telophase. This material is organized
into nucleoli about certain loci. If these loci, or collect-
ing centers, lie close together the developing nucleoli fuse,

(2) A detailed numerical study of interphase
root-tip nucleoli has shown that each clon is characterized
by a fixed maximum nucleolar number. The average is subject
to variation which seems to be in part due to the spatial
arrangements of the nucleolus-organizing chromosomes and the
relative volumes of plastin formed in telophese. Some or all
of the chromenemata avparently remain attached to the nucleolil
in interphese. Volumetric studieg of interphase nuclei and
nucleoli show that nuclear size and nucleolar volume tend to
be directly proportional. IMuclei with a high number of
nucleoli generally have a lower total nucleolar volume than
do nuclei with only a few of these bodies. There anpears to
be little or no direct relationship between nuclear size and
nucleolar number, however.

(3) All, or nearly all, of the chromosomes are de-
finitely attached to the nucleocli in mitotic vprophese, the
chromogomes being inter—-connected by lateral anastomoses.
Satellited chromosomes were definitely observed, but it was

not possible to determine the exact number of these in somatic
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prophase or metaphase. The satellites are associated with
the nucleoli in prophase.

(4) Autoheteroploidy (as observed in chimeras)
results in an increase in nucleolar number and volume.
Varieties forming a polyploid series of related forms (not
strictly autopolyploids), however, may not show a consistent
variation in nucleolar number and volume.

(5) A study of first meiotic prophase nucleoli
has established the identity between satellited and nucleo-
lar chromosomes in the single late tulip, Adonis, 4 pairs of
chromosomes are hetero-morphic, and one pair homo-morphic
for satellites. Such lack of morphological homology in pairs
of chromosomes apparently occurs in some otger varieties. In
Adonis the number of satellited chromosomes is equivalent
to the maximum number of nucleoli ocecurring in the root-tip
(six) . The morphological relationships between nucleoli and
satellited chromosomes are described for the first meiotic
prophase.

(6) Phe results of numerical and volumetric studies
at the la:st pre-meiotic interphase and the first meiotic pro-
phase are presented. At both of these stages the nucleolar
pumber and volume is much less than in root-tips. Very little,
if any, change in total nucleolar volume occurs between the
last pre-meiotic interphase and the second meiotic interphase

(considering total nucleolar volume of all four microspores.)
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(7) The nucleolus-orgsnizing ability of the
chromosomes may be partly or entirely sunpressed in haploid
nuclei. Thus the ability of given chromosomes to form
nucleoli is dependent in some cases upon the combination of
chromosomes present in the nucleus. Complete lack of
nucleolar organization does not prevent nuclear division in,
or fertility of, the microspores. The nucleolus-organizing
function of the chromosomes is present in root-tips of hybrids
formed from a cross in which the pollen came from a variety
showing no organigzation in haploid nuclei. In this cease
some of the nucleolus-forming chromosomes in the hybrid came

from the pollen parent.

The writer wishes to acknowledge his indebtedness and appre-
ciation to Dr. Ronald Bamford for his valuable suggestions,
criticisms, and unfailing interest during the progress of

this work.
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Explanation of plate 1,

(Figs. 1-11, diakinesis stages in single last tulip Adonis.

Fig.
Fig.
Fig.
Fig.,
Pig.

Pig.

1.
2.
3.
Ya.
by,

5.

Flemming'!s fixation)

Homomorphic pailr of chromosomes attached to nucleo~
lus (same shown in photomicrograph, fig.l7, D).
Homomorphic pair of chromosomes, satellites closely
paired.

Homomorpliic pair of chromosomes attached to nucleolus,
satellites cannot be distinguished from the "bud".
NMucleolus attached to homomorphic, and one pair of
heteromorphic chromosomes.

Nucleolus attached to two of the heteromorphic pairs
of chromosomes,

One of the heteromorphic pairs of chromosomes,

Figs., 6 & 7. Nucleoli attached to heteromorphic pairs of

Fig.
Fig.

Figs.

8.
9.

chromosomes.,

Heteromorphic pair of chromosomes.

Nucleolus attached to two pairs of heteromorphic
chromosomes,

10 & 11. Two diakinetic nuclei each containing 12

bivalents. Nucleoli labled (N), satellites (S), the
nucleolus chromosomes are numbered the same in both
nuclei, i.e., 4,5,7,11,12, Pair 7 is homomorphic

for satellites. (See text for complete description).

12.Two nucleoli with attached chromosomes from a nucleus

in pachytene.

1% to 18, Satellited chromosomes from root-tip meta-

phase plates of Adonis. Remnants of nucleolar matter
are still attached in 15 and 16.

(Figs. 19 to 22 from root-tip cells of T.eichleri. Bouin's

FPig.
Fig,

Fig.
Fig,

Figs.

19.
20.

21,
22,

23

fixation.)

Satellited chromosome at metaphase with associated
nucleolar material.

Satellited and non-satellited chromosomes attached
to prophase nucleolus,

Satellited chromosome at metaphase.

Nucleolus with associated chromosomes at late pro-
phase. Nucleolar matter (plastin) is marked (W).
Chromosomes marked (c)-have been cut transversely in
sectioning.

and 24, Tandem satellited chromosome of the Darwin,
Allard Piérson. The satellites are divided in 2k,

Camera lucida drawings X 2000. Reduced abt. 1/8.



Plate 1

Nucleoli In Tulipa
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