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) ;tch} is a dlgenetlc trematode._ This parasite follows a

R 'l. INTRODUCTION ‘4

s ' - v ‘ . e
. . A - = -

‘";1§ ,Trlchobllharzia ocellata (La Valette, 1855). Brumpt,

1931, a causatxve agent of schistosome dermatitls (swimmen s :3

?)n..

"’k definlte llfe cycle $attern involvxng an alternatlon between‘

o

{. . eggskthen pass through the gutbwall of thgjﬁosﬁ<hnd are.

K.

‘r. ?

s, -sporocyst., Seconddry germiqgl sacs, daughter sporocysts,

‘ metamorphoses iﬁto the primary germinal sac, %%5. the mother ﬁ.dﬁfh'

-.:'t '
two hosts' - the adu@t stage is found in the~ duck .Anas, s p., e
the deflnltiVe host, .and’ the immature -or juvenlle stagesﬂh"-.

5

' '.are ﬂb“"d in the snail sxmnaea stagnalis the intermediater;%’“

host (Talbot 1936) (Fig. 1) ol ’,l‘he a‘dults live in the portal '--L_ \

system of w1ld duCksiandalay spindle-shaped eggs. Th&se

R . Ll

I : &

freed thh the faeces. Upon contact with water—e*miraéialum

,.‘-e e - V-
-

hatches., This.free—swimming form is attracted to and A

"- subsequently penetrites-erther the foot or the mantle of the 'f-“_apﬁ

snail Near the point of penetration. the miracidium ‘fg%,”

emerge from the mother sporocyst anqimigrete to the snail s

digestive‘giand.. Each daughter sporocyst 1n turn giVee rise' :
L" .

to numerous fork tailed cercariae. The cercariae eecape as

0

free-pwimmipg forms from the snail about.eix weeks efter the ;

.&l

initial infection and upon penetrating the definitive hoat



LR

;}E"'
. ok ‘
develop into adults, a procese requirihq two to three weeks

(Brackett, 1940; McMullen and Beaver,.1948) .

n’ J,. '
Stndles on the cellular events durlng the 11fe cycle of

".u

the dlgenetlc trematdaés have dealt predom;nantly w;th the

deveIOpment of ‘the egg, the miracidium, and the primary and -~

L .
M Vo

secondary'germinal sacs. In comparison cerﬁarlal develoPment

n.has been 1nvest1gated only to a llmlted extent “In general,-

-

-the morphogene51s of the cercarlae has been consxdered to

parallel the pattern of development of the free-er1ng mxracidium o

'-(Rees, 1940 see reviews by Hyman, 1951 Dawes,~1956) Specific

studles oficerdﬁrlal morpbogeneszs haVe concentrnted on the :.f'”

7.events that occur 1n either the first phase, that is from one )
ito about the 30 cen stage (Chen, 1937)? Pieper. 1953. Guilford,
'11958 James and Bowers. 1967b) or the terminal phases of

cercarxal growth when organ formation occurs (Rees, 1940. | .
Maldonado and Hatxenzo,,l947 Cheng, 1960: Cheng ‘and’ James, 1960-
Pan, 1965). Recently Cheng and Bier (1972) examined the' &'-f; f_

et

complete phasxng of Tercarial deveIOpment in Schistosoma mansoni'

They dxvrded cercar1a1 development into seven successive stages

L

based on number of cells and[on the- overall»ehape of the

cellular- masses- stage I, single cell- stgge II, a. naked cellj,-'

-aggregate which is composed of two or more cells.‘stage III

spherical germ ball;:s€fage v, elqngating germ ball. stagg.V3 '
tail-bud; stage VI, dgyelcping cercarial structnre'nnd organs ;-
sﬁage*VIi,‘meturg cercarialtnié. 1.

= o

e . . )




_ D
For many speoies of digenetﬁo\trematodes;}the
cercaria is initiated from a single pro@enitor'cell (for
reviews see Cort, 1944; Cort et al., 1954). This szngle cell
hichlhasqalso been called a germlnal cell (Cort, 1944- 7 |
ért et al., 1548) divides: one daughter initiates the
somatic cell.line‘and'the‘other‘daughter cell ré-the'progenitor
of the germ'cell lire. The two major: processes of cercar1a1
development are the formatlon of " the cercaria and the =
-establishment of the genxtal primordium. The cells of
‘the genltal primordium are the P esumpt;ve meiocytes that
' will give rlse to the gametes in the sexually mature forms

--wlthxn the definitive host. (At present there is no information

about the pattern of somatlc and germinal cellular proliferation‘:
with reSpect to estimates of celr oycle parameters, organization
of. specific growth centers or proportions of prolLferating '

iand non-proliferating cells during the growth and development

." - 'l‘ )

fof the cercariae.-“s

4 * -

' The hazards to the trematodes of transfer from host
'to host are cons;derable, as a result fe\‘individuals sﬁEVivo

to maturity.. Probably a.compensation for the high mortality _
'rate 1n the. digenetic trematodes is an extraordinary reproductivef'
'ability. adults produce large numbera of eggs and each N

, miracidium produces large numbers of cercariae.r It 1s_.

'generally accepted that spermatobenesis.. eneais and zygoto

formation are similar xn-the adults number oflapecies

- n" = | - v ¢ -



(Hyman, 1951;JDawes,11956l. Controversy still centers,
however, around the form of reproduction in successive
larval'staées; some workers suggest that it is ‘an aserual
process, others suggest that it involves meiosis.n
Morphological investigations (Brooks, 1930 Cable,

1934; Chen, 1937; Rees, 1940 Pieper, 1953 Cirordia, 1956'**‘
uilford 1958;.. and the numerous works of Cort and his."
co—uorkers,‘for reviews see Cort et al., 1948 1954) have { h;ifi“_"f
1ent support to a theory, first presentjd by Leuckart (1879),‘l‘

|

+ . of germinal 1ineage whereby the germinal cells persist thro gh

‘ﬁthe successive stages of the life“cycle,

—

' germinal cells give rise to the nex stag of theslife

X That‘is,l

cycle, the somatic cells disappear withou ldescendants

(Fig. 2) These workers have suggested that the first

cleavage of the fertilized egg in the edult,,or the first;ﬁ__

division of the germinal cell in the primary or se ndary,-'”
‘germinal sacs produces one germinal cell hnd one matic

cell. These cells proliferate, the somatic cell forming |
the soma of the next generation and the germinai cell forminq

"‘the progenitive components. This form of asexual multiplication

has beep called polyembryony (Harchal 1904"Déllfus, 1919.\~.,f};?

. nrooks, 1930, and reviewod by cOrt et al., 1954).a Accordinq ; 'f;

to this view, since the progenitive components of the IR
Coiet”

'primary and secondary germinal sacs are direct descend ts

of the germin’l cell arisinq at the first cleavage of the
. ?'ﬂ” A=A C



fertilized egg,lthe multiplication of these components'is Lo
really a poiyembryony of the fertilized egg extending
throughout the developmént of the germinal sacs, w1thin the
intermediate host.

-5ome objections can be raised in applying the term .

polyembryony to explain reproduction Within the intermediate ST

i

stages ‘of the trematode~life cycle.{ First, in the classmcal }-'
. :

examples displaying polyembryony, e. g.,some of the parasxtic

;Hymenoptcra and armadillos, two or more indexduals arise _,:,ﬂ . l‘
:very early in the develogﬁent of the single zygote (Patterson,
1927) In concrast, in the Digenea, from each zygote only

/ . g
“one miraciditm ts formed-‘productiOnto_ the hundreds of

"daughter sporocysts anq cercariae does'not normally occur

iuntil after the miraciditl has penetrated into the intermediate

'host. Secondly, in allrorganisms.in which polyembryony wa

'originally described all embryos arising from the fertilized ‘
‘_‘ovum not only undergo similar developmental processes, but
they also form individuals which tend to be morphologically
identical. Although the early'processea leading to the .i;;iiid';;
;forﬁition of\daughter aporocysts and cercariae are thought ) Ha,i:r

to parallel miracidial development it is obvious that the

_;structurea formed bear little or no resomblance to the fﬁiiztilu;;‘-
iioriginal hiracidium Thus the mechanisma regulating the
hterminal phases of develcpment, such as body organization and 7
organ formation, nust be diffcrent for each. stago of life o

P



cycle. In sum, the question-tﬂat aﬁéses_is whetherx

polyembryony as defined 'by Patterson, accurately describes
Co < S
. reproduction in the digenean germinal sacs,{or whether the

available evidence would lend sypport to an alternative

explanation. ‘ i
. . ,
I

An additioral modiflcation concerning the method o
. of reproduction Wlthln theiintermediate stages has recently
been provided A number of investigators have interpreted

[N

‘the- results of tHeir cytolog1ca1 investigations as evidence

wy

' }that meiotic events are 1nvolved in the formation of the

-progenitive components (Fig. 2)'IJBednarz (1962) described

'1germina1 cells 1n the process of extfuding'polar bodies,»
' Khalil and Cable (1953\ have repp;ted germinal cells with
Pnuclei in the*zygotene or the diakinesis stages of meiosis.fiv

f"-“i.l

‘ In both reports meiosis was considered to be incomplete ;nd *

- 3 S
as a result cells retained a diploid chromosome complement.‘}g,.w .

' -,According to Bednarz, tho bivalent chromosomes divide

longitudinally af/diakincsis, onE'sister chromatid of each‘*f

biValent is then extruded in the - form of a polar bodv, the‘a‘ff

‘remaining chromatids re-duplicate and the cell aubsequentlyiffef“ o

_undergoes a- mitotic division Khalil and Cable suggcst
that only the diakinesis staqe of meiosis is reached the
;nuclcus then. rnturns to. interphase prior to dividinq

b mitotically. Jhese authors verc of the Opinion that]

°reproduction, in thc &ntramolluscan stages, was by diploid_*

ad



‘*fare produced in separate individuals. also the femalos are

parthenogenesis. Szidat (1962), James "(1964) , Cable (1965;) .

James and Cablé (1965), and James and Bowers (1967b) "aiso_\-

‘concluded thatﬁrep;oduction 1n the species studied by

them was by diploid parthenogene51s, although they gave

no supporting cytological ev:.den‘ce. _ ' L , Ve ’

The above mentioned authors have used the definition l"e-f

of Suomqlainen (1950) that diploxd parthenogenesis ;s 'the.ii’lﬁ S
"development of the egg—cell into a new individual without B
';fertilization. , Accordingly. the proqenitive components jpf‘fﬁ-ﬂ}‘?'

.1tlocated within the germinal sacs have heep/;eferxed-to as’” B
.dlplOid parthenogenetic ova (James and BOWerS, 1967b) or
“as egg cells (Bednarz, 1962), or as oogonia prior to and

~as oﬁcytes after displaying meiotic phenomena (Khalil and

Cable, 1968). Acceptance of this theory implies that the

germinal cells located within the germinal,sacs are equivalent |
'to the unfettilized egg cells located uithin the ovaries of .i. }@
the adult. Thc following consideratioﬂrsuggests that 5 :
-diploid- parthenogenesia does not occur in some species of BE

‘digenetic trematodee..qiﬁ-“-ft;f**“}

B Y

Por T..gggllgtg and other epecies ot Schistosomatidae fﬁ¥3

' the aoults are dioecious, that is the\male and femele gametcs

morphologically distinct from the males (Fig. i). Sex | fi;f”;;f ’

,'determination occurs at- tertilization since all schistosome _
'-cercariac. arising from a single’miracidium, upon in‘cctinq R T
oy . )

“-n.-



the-vertebrate host develop ihto adults which.are of only S

one sex (Stirewalt, 1951; Short, 1952a,b). Thus for those
»
m1rac1dia destined to produce male progepy it seems unlikely’.

that withln the primary -and secondary germinal sacs, the“\

progenetive components would display NELOtlc phenomena )
. .
characterlstic of a deveIOping egg cell while in the adult '

! Mg

- the descendants of these components would undergo normal ".;

-‘ﬁgoﬁadogeneSLS.; It may be supposed that some investigators

'were mistaken in their interpretation of the cytological

n_"

-reVidence presented in which case a re-interpretation of o

~fthe data is necessary.

R
Lo

- ° .
v K

The present study is'concerned with an. analysis oﬁ

cellular proliferation during cercarial development. For'iﬁ

“this purpose the schistosome Trichobilharzia ocellata, was

chosen* because it is easily maintained within the lahoratory i;ﬁﬁ
©  and because each infected snail host readily yields numerous fi?{}
cercariae at all developmental stages. The cercarial stage "
was choscn since it is this phase of the trematode life :r;ff .j p
cyele about which- the 1east is known Furthermore, a study

of cellular proliferation and differentiation during cercarial
development is nccessary before any attempts can be: made e

at. determining the factors which control these proceases.r;

' An understanding of the basic develoomental processes may



t.structuree was observed.

Al

al;Q,aid in establishing an effective biological cqntrol -
method for the cercarial stage of- the life cycle.

The present study reveals that prior to the tail-bud

.

stage, cells contained within the developing cercarial larvae :

I3

lwere involved in cellular proliferation. Nuclei undergo f

extensive changes in morphorbgy while in interphase.- ?he';f

variations in nuclear morphology have been classified and
| ‘correlated with the cell's pos;tion in interphase.“ The

duration of the cell cyclg was estimated to be lS .2 hours, :

_ in which mitosis lasts 1 6 hours and DNArsynthesis 4 g hours._f"“‘

1

.‘Beginning with the tail—bud stage an increasing prOportionﬁﬂ;.”_?

-of the cells were no 1onger found to be cycling°; at this flﬂl7ﬂ~"

- stage, the first appearance of the differentiating body
o : . R ¢

‘,'. ..". ‘.,'|
.3

. The study reported here also examines the mode of .
-‘reproduction during cercarial development.ﬂ The cytological
fevidence obtained from cells in division tOgether with
',the observed morphological changes in the interphase nuclei

' _support the suggestion that all proliferating cells divide
. by mitotic divisions.;&f,uf;;ifffjglfff“ﬁﬁ‘ . e
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. 2.. MATERIALS AND METHODS B
2.1 MATERIALS - '
The schistoFome T. ocellata, was maintained w1thin
the laboratory fn its 1ntermed1ate host, the snail,
L. stagnalis.' The snails were kept in large canisters.
'containing tap water previously condltioned by vxgorous
aeration for one to two days._ Water temperature was

.maintained at 23°c. Snails were reared on fresh green_‘:

: lettuce leaves and chalk

!

Hiracidia‘were obtained from the faeces of Pekin

ducks 15 to 20 days aﬁter exposure to T. ocelleta cercariae.;'”

The faecal material wes mixed with distilled water and ff'
_placed in a three 1itre side-arm flask.‘ About 30 minutes : o
- after the addition of the distilled water miracidia collected%:i?{
‘in the side arm (HcMullen and BeeVer, 1945). ‘Individual :

snails were exposed to six miracidia for four to five hourslr'*“‘{

and then returned to the tanks. About 85\ of the exposed

snails released cercariae six weeks later.;_,:fij;: o

The shells of. infected snails were broken ovpen with :
small dissecting scxssors and the digestive glands were |
'removod. cut into small pieces and tixed in pre-cooled acetic7"

v o S

‘<10 - .
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acid:absolute alcohol (1:3 v/v) containing a few drops of
formalin. The material was left in this fixative at 4°C
for 24 hours, then transferred to 70% alcohol and stored

at room temperature. - - ) , B

2.2 © . MICROSPECTROPHOTOMETRY =~

.“. -

: o Microspectrophotometrxc measurements of Feulgen-DVA
content per nucleus were:- performed on samples of cells from
1germinal balls of 1ncreas;ng size._ Pieces of digestive

gland were washed for 20 mlnutes in two changes 6f distilled

'watcr and then hydrolyzed in 5 N HCl at 23°C (DeCosse and
‘-.A:Lello. 1966 Deitch et al., 1968 Murgatroyd, 1968).'_.._, '
d_optimum hydrolysis time of 22 minutes had previously been
| dctermined by plotting absorption at 550 560 nm against
'ditime., Subsequently the material was stained in freshly
prepared SChiff's reagént for 60 minutes, then washed in
.thrce 15 minute sulfite rinses (Drury and wallington, 1967).

| C Individual cercarial germinal balls were dissected
‘out of the daughter sporocysts and placed in a drop of 45\
acetic acid on a pre- cleaned glass slide. ‘Indivxdual cells‘

were separated by_rolling the-gerninal ball along the l?'
slide'with a 27 §augo 1" hypodornic needle, The slides were

- air dried, dehydrated in an alcohol scries, cleared in ..

-3



xylene, anéd mounted in oil. The nefractivelindex, np. of
the oil_(nD = 1.568, Cargil{e Laboratories: Inc., Cedar
.Grcve, ﬁew_Jersef) clocely matched that of the unstained
cytoplesm, The effects of non—sﬁecific'light loss, due.to -
scatcer fron unstained material in the'cytoplasm, are. 7
minimi zed when ‘the refractive iﬁdices qf the o0il and

cytoplasm are matched (SW1ft and Rasch, 1956; Pollister and

Ornste;n, 1959).
All“photcmetric measuremean‘were'made.with a
. Leitz MPV microscope photometer.‘ Honochromatic lxght was

provided by, a Leitz 1n-iine monochromator 111um1nated by a .

:unartz Lodzne 1amp stabilizod by a Leitz transfcrmer.;”'if' 7
'Total Feulgen dye content per nucleus was measured usxng the‘ jf‘

B two-wavelength method of Ornstein (1952) and Patau (1952) .

" and reviewed by Polh.ster et al. (1969). 'th size of the _
cytophotcmetric field for:each reading was determined ”fftd:T .
photometrically using thc method described by Garcia (1962) ui"_i‘

-and Garcxa and Iorio (1966) The relatlve DNA content '

‘ of‘the nuclei was computed from two-wavclength tables

?‘(Pollsiter ot al.,‘1969) .gi~f :_;.”

. -

'~ 2.3 ' AUTORADIOGRAPHY . .

© For studies of DﬂA'sYnthcgie,:1nfected snailefcti o

' . ’ .
S S e



approximately equal weight, 2.5 gms, were injected with ~

. 3 '
10 uCi of H-TdR;jAmersham/Searle Corp., Specific Activity

'75_Ci/mM).“ The relatlve purity ‘of the'supply of 3H TdR. was

5
determined by ascending paper chromatography. Three ,

separate solvent systems were used.. ‘
" .

(a) n-butanol:glacial- acetic acxd water (50 25 25) K

(b} n- butanol formic aCid water (70 10 13)

-/
. ~ o
(c) water adjusted to pH 10 With NH4OH
In.each case the. chromatogram contained one. ‘spot. .of UV ! ?,ﬁ,
- . .":{." '
absorbing material. The position of the spot matched the o

Rf value for the 1ocation cf thymidine in control chromatograms- x

and when counted in a Beckman scintillation counter (Hodel ;;-'
'LS 150) contained over 95% of the radioactivity.\ ;:ffﬁﬂﬁﬁﬁﬁ

The technique for injection of the labelled thymidine
into the snails was a modified version of the procedure

——described by Friedel (1961)._ Snarls were washed in distilledf

“r.water ‘and plac\d/on toweling to abs?rb excess moisture. The ,f"

”‘shell was then wiped with 70% alcqhdl A perforation through 

,thc—;hell was m§y9 using a sterilized dissecting needle,__i'
- adjacent to the’ yellowish albumin gland The 3
introduced into the digestive gland by injection with a
hsterilized microlitre syringe through the perforatiom
Immediately after injection, the shell opening was covered
with a thin layer of gum arabic to prevent,loas of.body o

- -

fluids and bacterial contamination. Snails were sacrificed

r

I8

H-TdR was‘j:“:=" .



_n-,..e...u..

3

‘ haematoxylin and’ eos:n or: Foulgen s reaqent and countarstaiﬁgd ”

14, !
hourly, from one hour to'24 hours, after introduot;on of
H-TdR. Slides of ceroerial'germinal balls were'prepared
as previously descfibed end dipped in NTB-2 liquid emuis;éh‘.
(Kodak, Rochester New York). Following 10-14 days~
exposure, at approxlmately 4°C, thekautoradlographs were °
developed for 4 mxnutes in Kodak D-19 (17 gin/200 ml - dlstilleéu/rﬁfﬁ—-
water)at 20°C. They were dlpped in distilled water and- fixed

for 5 mlnutes in Kodak Rapid leer.-'THe slides were-washed .

‘ p —_—
for 304§§£§%§:\1n runnzgg tap water, dehydrated in a graded ! g

. series of e ol cleared in xylene and mounted wlth-a.
coversllp in Permount. f.fi ﬂ#ﬂ" ﬁ“.iﬁ*y;yf_E'dw_n{“jiduaf;‘,
N -“ .’.Jl h . ‘-( . ..‘ . ‘-
c2.4 HISTOLOGY - .. . =~ o . ofirci s oo
' ‘ . Ce I e e e -

‘_yc _ Pieces of a fixed digestive gland fram an infected jfl;*;:;

.fsnail were dehydrated in an alcohol series.“cleared wifh

.

xylene and embedded in Tissuemat (H b, 52°C).‘ Sections were ,('

cut-at 8-10 1 thickness and stainod with either Harris'lﬂ'”'

with fast green.w ,.T_ :' T f‘.g,-_ ' 'J? AR .
.- - W . . T ' [, L e T . a R
[ ‘ o /. R
¥ o ° E hes
= .
. .
-~ - ! Y
- - r
- @
H -
¢ . o
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2.5 °© STATISTICAL ANAL i
's v staisTIon. Munrses

St SIPITN
- -~ .
L]

. The-fregudncies of mhtotic cells, nuclear types and

-3 —TdR 1abe11ed nuc1e1 in ind1ﬁ1dual germlnal-balls were ,-'_-' -

scored ) The germlnal balls ranged 1n 81ze from 20 to 190Q

cells. germinal balls of simllar size were grouped together.‘
.au
(,Scores obtained :for balLs of similar sl@e were averaged and
] C . «
unless otherwlse 1nd1cated the ChL‘QQuare test was‘used ; = "

. to. prov&de estlmates of the range in scores observed with SR

r
| ) L e Coe
‘ .

~¢ ch average value. The Chi Square test was . considered to-ifi

.\ ..

be an approprxate parametric«test to appiy to the grouped

data. T procedure used is presented in Appendix

To determlne the relationsﬁip between each ojﬁthe .

L Vo :
above mIntioned paramoters and size of th3 germrnal bati,
'indivi

St = ‘

d‘al scores ﬁeia plotted against the respectiue g rm\

ball gize. A best jit line through the data was obtained* 7e{”;}
N 'by tho mathod of least squarea. The Chi Squ,nre test was ’

Vused to define the limits.ubout the best fit 1ine. These

' lim;ts dEIxne an interval auch that 953 of repeated

. 3 ‘J-

'.semplinqs would give measurements within that range. T
10 APIP N GO T e s Ul Vool
- e P S R S
: -~ |. TS 4'-_‘-1.- ';_ R P S IR . JER
- : e . A
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They were class;fled as follows.nj"f ff_uE“:J”

(SN

e W

5
- 5 = »Smaxl
7

3.1

Preparatlons of germlnal balls were examlned and '

a varxatlon in nuclear morphology‘was observed

NUCLEAR MORPHOLDGY

3. RESULTS

-
-

\

On the

7

basib of ggo dlstlngulshing characterlstlcs, size and staln e

R

W

1nten51ty, seven klnds of interphase nnc1e1 were found. }

Nuclear 512e

N

Large = -

[
]

‘Medium
: f

Very Small

o ‘Staln Intensitv

: Mediuﬁ-=f- .

rnnmnggs

Dark A]}:]Q_{;_
Dark‘ -

Int&nse%y stained

“’Quantit&tive data on the DNA content and area for each Ty
N —-:ﬁ . -
'morphological class’ will’ be/presented Later. ._‘,"

,s;ﬁ;fftQ

e

HEGium 0 — a ’ n‘.H. ‘ . .

Ebe orqanization of. chromatin varied considetﬁblYi_*'

among the different classes of nucIei (Pl. I Fig. 1A-F).

":n

r“the lnrge and medium sized nuclei thfee_digtinct patterns of

5

chromatin condensationﬁ;ere recognized.

. !

t!PQmI-
2 P

'.-116“ LT ,

the Feulgen

-




?

'stained material appeared fairly homogeneous. The chromatin
was.maderup of fine threads, Tore or less equally distribuﬁgd
“throughout the nug¢leus, though with occasional small clﬁmps
of Feulgen-positive material. Type II: the chromatin’ was
condensed intc granules‘of varying siees anddthesefwere |
randomly diSpersed'throughoﬁtlthendcleus. :ln'sqme ceils theﬂf
"dranules were connected by’threads.\ Type III-. the chrcnatin;.
was, condensed 1ntc well-defined threads The length*and
thickness of these threads varied ccns;derably in the

. different cells.' In the large medium and medium dark classes;{

of nuclei the thickness of the threads suggested that the

'cell was probably abodp to enter prophase. ;Eu,ﬁaﬁh

The Bleb ciass of nuclei were distinctive and appeared -

" as small, compact, intensely—staining bodies., Host Qf theSe

“.

bodies’ were regular in outline--but in scme there were vhrying
numbers of protrusxons extending from one.. nuclear surface. 5;“
.This latter type of configuration resembled the morpholpgy of

cells'in late anaphase or’ early telophase.- In the small dark

.class of nuclei small densely staining regions alternated

with lightly staininq regions.e In many of these nuclei the

denber . regions had a banded appearance.“_f_l ;f”gﬁ" . 'tfctlf:"|“

o T

*

£ Prophases, metaphases and some anaphases and telophases

rwe {u also obserVed - An attempt was. made to obtain a - T

chremoscme count for this species-of trematode. Because of

the minute size of the metaphase chrorosc mes a precxse count

_—




was difficult to make. The chromosome number was estimated

to be between 12 and 14.

.Nu'clei from seven germinal balls with from_49.to 1092 '
cells were measured microsﬁectrophotometrically. Eath -

" nucleus, for nnich the bNA:contePt was'determined, was alsg
'classifieﬁpiniterms offits_nuclear'eire_ana.relatiﬁe staining:'
intensity.‘ The data indicated that} regaréless'of'the.éize"
of the germinal ball the relationships between and among the
DNA amounts and- nuclear areas for each morphological class_” i

. were identical.; The results for the 513, 890, and 1092 celled
germinal balls are presented in Tables I-III and Figures 3 8.-:"'
The data obtained for the 1092—celled germinal bal - nﬂ_
described in detail... ' _%ﬁeﬂji.:5-'“,ft”?ipb)i?;ifnf::j;é?z

N

The median 2C DNA content for this sample, based on

7

photometric data. was 27 8 1 1 (*S D ) arbitrary Feulgenr #

~DNA units. the 4C median DNA content was 53 7= l l units.u

The " average DNA amount for the Bleb S D.,.H L.,and L L._i:w”
nuclear classes was approximately 2C, while the amount of = -';.,f

UNA for the L M. and H.D. nuclear classes was equivalent to,}
L 4c” (Table III). The moan vaIue for the M M. class was féi,::
;‘ intermediate bctween ZC and 4C. »;1-”“_;fnof o iﬁ h_.”
E.~ ﬁ' The DWA valuea for each class have’ been converted ‘:_e_.t

.into a frequency diatribution of the relative DQA contents ju,_:‘ft_'

(Piq. 73 Each clasa of nucleus is somawhat reatricted in -
3 S
{ts DHA content. e g.'none of the classes have: D“A contcntsf

- [

] . N ' L ’ o i)




19.

ranging from 2C to 4C. However, comparlsons between nuclear

[y

classes reveals that they differ in their range of values

and the extent of‘overlap. The DNA values for the.L L. class

range from a 2C to about a 3C DNA content, whlle the values

for the LM, class ‘range from.about a 3C to a 4C value, 4

et

Overlap between these two classes of nuc1e1 occurred in

those cells whose DNA values were 1ntermed1ate between 2C '

'

and 4C. DNA values for the M.M. nuclear class are all in the‘?"

range of about 2. 5 to 3.5C; their lowest DNA values overlap "

: wrth the h1ghest values obtained for the M L. class. while fhl'

, - e

their hlghest values overlap with the 1owest values recorded

for the M. D. class.. The Bleb and S D. nuclear classes have

- DNA contents which overlap each other considerably, thexr

R l

'values also overlap wlth the lower values observed for the '.;‘ii"

. M.L, and L L. classes, but not wlth the values for'elther

\

"the M. M., M.D. or L H. classes.;{uﬁlﬂ

: W1th respect to nuclear area, the snallest nuclei were

the Blebs (Table 11I). The S D.‘CIGSS‘HaS the next largest

: and occupied twice the area of the Blebs.- All medium—sized

2 nuclei, regardless of their stain intensity, have an average

area ‘which is approximately four times that of the Blebs.
”The two large classes of nuclei, L L, and L. M.. have ten
1timeh the nuclear area of ‘the Blebs.’ | Voo

| A comparison of nuclear areas reveals aome degree'

;of ov;rlao between the different nuclear morphology classcs
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-

{Fig. B). The area values for the S.D. nuclear class overlap

with the higher valuee'o¥:the Blebs and with the lower values

of the three classes of medium%sited nuclei. The values for the
large-sized nuclel overlap w1th those of the medium—sized.
nuclei but not thh the values of either the Bleb or S.D.
classes. &The range in area values-;ncreases as nuclear:sige-f'
increases.- For example, the area'values ranged fromhz'é to
5.6 uz for the Blebs and from about 30 to 80 uz for the two
1arge—sxzed classes.. Four classes of nucle1 in which-: many

. of . the cells contained 2C DVA contents were, 1n order of

l

' 1ncrea31ng area : Bleb S D., M. L. and L. L.‘class$a: Nuclearh

P
b

classes of . 51m11ar area but in which the DNA contents ;' E
. R R RO
.~ ranged from 2C to 4C were, in order to increasing?gtainihg |
9 LT -"'Tf .
: .

; reaction. L.L., L.M., and the M L., H M., M-D. classes.»\ |
- ' It appearé that the morphology of a nucleus changes, .

;- in part. with changes in DHA content. To examine these

{
changes further the stage of each nuclear class within the

- cell cycle was examined qualitatively.j Cells undergoing

i DNA.synthesis were marked with H-TdR and their progress _ |
through the cell cycle was then determined by an examination ;"
' \of gorminal balls 1, 3 5 and 7 hours after the introduction o
‘; of the label. '__»_‘; S SR

| | : One hour after the lnjection of the radloactive

5 thymidine the morpholoqical claasos of labolled nuclel

] included some of the M. L.. L. L., L.M. and many of tho H.M.

~

»
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classes. By three hours, labelled nuclei had‘n_ot yet
reached mitosis, however, a large proportion of the h,p.
and L.M. nuclear classes were observed to be labelledrl
At five hours, labelled prophases, metaphases, anaphases,

telophases and Blebs were observed.’ By.seven hours, S.D.

A ' .
r

. nuclei became labelled.

‘ Taking 1nto consrderation the relationships between

nuclear class, 51ze, DNA content, and patternlof 3H-TdR f

1abe111ng it is suggested that-" (a) the Blebs represent ,

’

structures of a late mitotic cell the six remaining nuclear ,

Vot
KN

classes arefin interphase, (b) as the cells marked with

. T
H thymidine passed from S through Gz, mitosis and G1'<(‘5I::

their nuclear morphology changed, (c) the morphological

classes of . nuclei which became labelled at l 3 S and 7

hours represent a population of proliferating cells,

(d) .at the 7 hour fixation the majority of the M L. and L L.Q.

<’

. nuclear classes wete still unlabelled. While it might be

}
"
£
:
]
r

suggestcd that these two classes represent a population of
nonhdividlng cells, it seems likcly that with subsequent
fixations some of these nuclei would have become labelled,

(e} the frequencv of each morphological class can be used to

_ determine thc proportion of cells located within each phase _

of the cell cycle. . _ _
"  The relative frequencies of the six different

rorphological tlassos_of nuclel, and of cells in mitosis wore

-

R




"'1nuclenr classes. _.7

determined in 85 germinal balls consisting of 18 to 1829 cells.

In alll cases, except the M.L. class, the relative.frequencles
"‘5« .

expreesed as a percentege of the total number of cells

decreased as total cell number 1ncreased (Flgs. ‘9~ 15L. ‘In
contrast the M.L. class 1ncreased._ In the smallest germlnal
balls scored the frequency of mitotlc cells _was m 20%. '.nt ’;
*_The frequency of the non—mltotrf cells was % 80%, of these the
six interphase classes were: S D.,‘G% ‘M. L., 30% H M,, 12%.~7
M.D., B% L. L., a3 and L. H., 10%., At the 1800 cell‘stage

R
'J“_‘

approrlmately 97% of the nuclei appeared as the M L uclass

*and the other classes contributed wrth about each frequency

ow

to the remaining 3%.. S it 5 _ :
| | The evidence derLVed from the observed changes in tne

'relative freqhency of each nuclear class during cercarial

'developnent indrcates that- (a) the proportion of eells

in the.s G2 and mitotic phases of’the cycle decreased,

(b) the proportxon of cells appearing in the G1 phase :
'1ncrensed,_(c) cells accumulating in the Gl phase appeared;iﬁi
“as’ the H L. nuclear type. Additlonal suoport for theseinffl;‘

’ -suggestions was also geined from examining the chanqes that |

occurredwin the absolute number of cells appearing ln all

Prom the 25 to about the 750 cell stage the absolute ;f;
number of mitotlc and non-n_totic claases inqrensed .\i'fiﬂQT

(Figs. 16 22)*.' The nu::ber of mltotlc cells increasodsrfrom

b
-
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3 to 40 and the lncreases for each 1nterphase nuclear class
were: S.D. from 3 to 25: M. L. from 7 to 495; M:M.. from 3

. to 70; M.D. from 3 to 40; L.L. from 3 to 45; and L.M. from .
3 to 35. All classes except for the M.L. nuclear class . #(
reached thelr maximum frequency at about the 750 cell stage.

Between the 750~and 850 cell stages the numhers of cells Wlth
M.M., M.D., L‘Lm,;and h'n. nuclei decreesed”‘ A decrease.

1n the number of mitotlc and S. D. cells was not detected
gy

unt11 the 1000 cell stage.‘ Subsequently all classes except

‘for the M L. class continued to fall until in the 1argest

cercarial larvae scored the frequencv for each class was-i-
~ mitotic, 5; S. Diy 10 u.u.,_:o un.. 15 LL., zo-fand

- L.H.,~§.c The renaining 1750 cells all appeared as the H Lw-fi

type. ”Thus'°':e sbove evidence indicates that-- (a) up to .Zj-

the 750 cell stage the number of cells appearing in all i
phases of the cell cycle increased (b) the proliferatlveélj
condition found ln the small germinal balls is reduced “lu_
starting at about the 750 cell stage. (c) the drop in the:;iﬁﬁ

‘number of prolizerating cells begins in the Gl phase and the?@:lh 1fi

; majority of cells still in S qnd 62 proceed 1nto mltosis.
and (d) cells which wero no 1onqer cycling uust have

;.appcared with h H L. nuclear morphology since only the :?fgfl'j,

frequency o!ethis nuclear class continued to increase beyond
J B : : : i ‘

the lOOO-cell stage.ilif;'
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"3.2 SYNGHRONY

: -

If cercarial development is initiated from.a
: ST : - '
single cell, the question arises as to the_extent of"synchronf’

during development. When the mltotlc indices (number of

i

mltotlc cells/total number of cells x 100) of 165 germinal

balls vere compared evzdence of partial.bynchrony was. g
‘/\
' obtained (Flg. 23) ' Extreme varlability in the MI waS"

observed in the germinal balls conbisting of 100 or. fewer’
1ce113, MI ranged from\Q to 40 With an increase in total:f'

T _
'cell number variabilrty was reduced, e.g. within the fourT'V'P

g Sea e RIFELICE LN

1argest lﬁrvae examined, in which the total ce11 number was

'% 1800, the MI ranged from 0 3 to 0 9.’ ,Jfﬁlﬁf,;m?iijﬁ;gff(f

bt £ e

In part this variability could result from errers 1n

-+

.sgorlng, due to OVerlapping of nuclei or from breakage of

some’ nuclei during glide preparation. In~sma11 germinal

;t'balls errors of this nature could introduce large

fluctuations in M ;: In germinal balls with increased

cell nunber the;e errors would have~a reduced effect.r_fo':
‘determine the znfluance of sampling error on HI a best tit
.1ine was, constructed by the mcthod of least equares. This lb
711ne represents ‘the theoretical ‘M1 expected.for a- gerglnal
‘-‘ball of any s8ize. (Fig. 23}." A rangc of vafues due tJ sampling7;ﬂ
| errors would;lge about_this line.. Eatimates of these rangoa' ¢
: :were calcuiated_by the Chf'SquareAtcchnique. N

PN [N ' . ' .
S
P . . .
. ‘ I . . ,
. * o - - . .
.
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In the small germinal balls a significant portion
ofh the MI-va'lues fall outside these boundaries, indicating
that the observed‘variabiljty is probably due ﬁo-a biological
cause. If comclere synchrony had occurred in the proliferating .
‘cells, MI would have ranged from 0 to 100. 0, the observed
'range was 3 to 40 (Fig. 23). The cells show only part1a1
--synchrony.. As the cercarlae grow the range in MI values ‘-Wv
falls and by about. the’ 250 cell stage the range ‘in valies o
can be. accounted for. by samplxng errors.' Thus during
5.cercar1a1 dpvelopment the degree of synchrony decreases end
| by the: 200 to 300 cell stage, which represents about elght
Vconsecutive divxsions of one progenitor cell the partidl

'jsynchrony is lost. The degree f synchrony generally falls

-because of variations appearing within the individual cell &

' _.cycle times.. It seems therefore that 1ndividual cell cycle f‘._ ;

-

'timcs vary shortly after the cercariae begin to develop since

“the par%?dT’synchrony is not mainteined for very long._

e
”

et T e

3.3 .  LABELLING INDEX ~— . . - \ S I

o determine the Prog/ktion of celle 1n the S phase

tow

| at diffcrcnt stages of cercarial development, labellinq h:?;,}:<_

.indice (number of- 1abolled interp

e nuclei/total num?er o

of int rphase ‘cells X 100)_uere 'tarned from germinal halls "
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 the range in LI values (Pig. 25) The variation in labelling

‘at any time shows ‘a 51milar reduction with an increasing

;"7 hours (Table IV, Pig. 24)

(Table IV, Fig. 24). Sampling errors -did not account for

phase. In the prevxous section, 1t was shown that with an

26 -

o -
-~

at %, 1,‘3, 5 and 7 hours after injection of 3H-TdR. When
snails were sacrificed ! hour after.exposure to the

radioactive precursor no labelled nuclei were observed, but

at 1 hour labelled nuclei were present. In the germinal balls

composed of 25 to'250 cells the LI ranged from 4.2 to 75.0

—

. .-

1nd1ces are in agreement with the "MI- data, anad they also

1ndicate partial synchrony, in thls case of cells in the s

——

increase in the size of the germinal balls the extent of

t

synchrony is reduced. The degree of synchrony of cells in S l

: number of cells per germinal ball also the range in LI

values becomes smaller as the cercariae increase in cell ‘fi'“.w

o

nunber. For example, the difference between the maximum and

manimum values decreased ‘from an initial value of 70 8 in

the 25 to 250 cell ‘group to 45 33 in the 250 to soo cell group'f
: :to 22 2 in the 500 ‘to 1100 cell group and to 9 6 in the 1100 '
;_-to 1600 cell group.‘ A similar change in LI was observed in

'germinal balls of different cell numbers scored at 3, 5 and

'.

1£ partial synchrony had been the only tactor which

accounted for the variation in labelling patterns, then one - . ; l

‘would expoct that in the 25 to 250 group. for example. the

4 . . . -



_DNA synthesis. o

range in LI values uould be the. same at 1, 3, 5 or 7 hours.

The range in LI values, however, decreased at 3 to 7 hours.

. This decrease resulted primarily from a rise in the lowest

LI value observed. For example, at one hour the lowest LI

value was 4. 2;Let_3 hours it was'23'7 and at 5 and 7 hours

-

the IOWest values were 29 3 and 52 0. -A sihilar trend was

27.

found in the.250 +to 500, 500 to 1100 and 1100 to 1600 cell .

groups (Table 1v, Fig. 24). These results indicate that

all the 3H—TdR supplied to the infected snails had neither

been fuliy 1ncorporated nor totally destroyed after injection,“

the labelled precursor remained Within the snail and

'continued to hecome incorporated fhto nuclei undergoing_a .

HoreoVer, in the four groups of germinal

: the highest LI occurred at 7 hours after exposure to the

3u- TdR.(Table v, Fig. 24) Theoretically, ft 7the‘;;;"

) radioa ive thymidine had been available for incorporation
’into S phase nuclei and quickly-dissipated, then the o

abspl te number of labelled cells would have remaine@;_a

o . - ——

:‘constant at each successive sampling period. During the
"-saﬂplinq intervals éella which had been in G2 ‘or mitosis”at:7
_the time,the_label was present would have comoleted mitosis?f

i_ and thereby increased the absolute number of cells per.

&

'alls,-* }f"*

germinal ball., 1f this were the case, then in comparison .

to the LI at the first hour the LI at subscquent sanpling

{
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times would be lower. The fact that the highest LI values
at 1, 3 and 5 hours remained constant supports the suggestion

that the 3H TdR treatment was not a pulse.

i - The contlnued movement of cells 1nto s from the’ Gl

phase together with thELI 1ncorporat10n of the labellec

g ,precursor has-been deécrlbed, up unt11 thls p01nt. as the ' l ]

only mechanism responsxble for an 1ncrease in the number of

labelled cells. D1v1sxon of the labelled cells would also

e d ) . .
I lead .to an increase. The absence of labelled cells at 1l and o

'3 hours and the appearance of only labelled prophases and '&'

1 metaphases at 5. hours (Section 3. 1) indicates that the

L'-dlvi51on of labelled cells had no 1nf1uence on the LI values

¢ -

l-observed at these flxations.. Between 5 and 7 hours some .f o

of” the labellcd cells pbserved at 5 hours would have divided.

’The dramatxc 1ncrease in the highest LI recorded between

j_ the 5 and 7 hour fixations reflects an increase in the number

~'of labelled cells which resulted from not only the movement

.and 1ncorporation of label into cells entering the S phase,--;;-
but also. from the divisions of label]:ed celrs., ‘Thus, .the © .
F:highest LI Values scored at’1, 3 5 and in particular,,_f;fi”
:_hours indicate that the proliferating cells continued to ,;:
5 i . "‘i e
LI data can nqrmafly.be used to provide an estlmate ,

. -_,-.;.

."ibf,total cycle ttme (tc) spent in s (ts/t ). 'u'

. . ot g5 -_,..‘q_ ‘o

From the resulxs‘ﬁresented abovc, it can be concluded that ot .

a

- - . - - - '
" . - . . - .3 - ‘ Kl
-y L " M . B
' ’ . =" T . TN Lo . .
. s ) <F - = : ) ' .
- .. . . 5 . R .. - . N *
. - . - + °




: 1]
. »

. ' . .

. . F ,

several factors 1nfluence the LI observed for each germinal

13

"Qalr scored In the germinal balls scored at 3 5'or 7 hours

=

‘the absolute number of’ labelled cells had’ increased relative

t

.to the frequency of’ labelled cells obtained at 1" Hour. Hence‘

.,

-

the corresponding LI values represent an over-estimate of the

true frequency of cells ;n S The values obtained in 1 hour

<

were:nsed'. To take,inﬁo account the synchrony described for .

LS

the proliferating cells Withln\the Small germinal balls,;the, f:.

LI value§ were obtained from the best fit line (Pig.,25) -

'LI decreased with an increase in total cell number, e g. in 7_%‘

, the germinal balls consisting of 100 or fewer c lls the o

,'LI was 45 5: in the 1200 cell germinal bal‘s the LI was

" only 10. The results aeem to indicate that, with an increase ‘

" o

in total cel& number, nuclei spend a decreasing pr0portion' ;;

a
L

of the total cycle undergoing DNA synthesis.ﬁ:"

2 Lo ) Lt . Lo -
B . - B . e ! : Lo . P

3.4 - psacsu'r;\cs LABELLED MITOSES ‘(PLM) . | . -~ "0 IRCE
e ¥3ged %.me,wue EM)N&W)N)N)N SRR
‘ ' The technique of the percentage labelled mitoses |

- @.

'}
curve, devised bg{Quastler and Sherman (1959)q‘is used in~ ;

the analysis of cell cycle kinetics. However. to obtain

:meaningful results, two rmportnnt assumptions mdst hé;examined- ’

3

"1a) Treatments with “H- TdR should nct distort ‘the duration

of any phases of Ghe cell cyc,e or - total cycle time. - For . o

. [~ N . - - o :
. ‘ : . . - ! . F
L] . . ‘ \ . . -
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many animal cells TdR concentretions between 10-5 and ~ « a

104 M are inhibitory (Cleaver, 1967). Growth is appaxently
‘\unaffected when the concentration is below 10 S M. The'

concentratLOn of thymidine used in thls study was 10 7‘M, - )
'well below.the 1nh1b1tory level Moreovar, additional )

support=that the addltlon of 1077 w 3H—TdR eppeared tb haue. B ”

, ;no effect on the prolrferatlng cells came from the LI patterns

. (Sectlons 3. l and’ 3. 3).J In all germlnal balls examlned at
| succe551ve 1ntervals{after exposure to the radloactlve‘ )
"precursor, the prollferatlng cells had contlnued to proceed
.through 1nterphase and 1nto mit051s.‘ The data falls to reveal,n

however, if the prollferatlng cells cqntinued to cvcle at

3 rates that were unchanged by treatlng wzth the labelled

thymadxne. Ab) The PLM technique depends upon pulse 1abe111ng

cells in §. lmmedrately after injectlng the labelled thymidlne~
ﬁ [
S § 3 the precursor is not 1nstantaneously 1ncorporated into
' &

. the D@A of these cells or destroyed then- (i)\n lag occurs .“Hg;ﬁf

'prldr to the first cells becoming labelled, (ii) the frequency |
J‘of labelled nuclei w;ll continue to increase in the period 'l
after iﬁ}ectlon because the precursor is available continuously.'
Such is the case in the cells of the germlnal balls.i_‘: 5‘;jlﬁ"f
Notwithstanding thxs limltation, the progresslon of the first

7
labelled celils from the S phase until the flrst peak ot

.

labelled mitoses is reached is independent of continuous ‘

labelllng of cells as thev enter the S phase. Prom thls e

//},.
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portion of the curve two important estimates can bg obtained:
(1) the value obtained for the maximum percentage of labelled
mitoses gives a partial indication of the extent of heterogeneity
in cell cycle times and variability in the duration of”the h
G, phase, (ii) the time at which the percentage of 1abelled
mitoses reaches 50% of the maximum value is equal to the mean
duration of 62 f_M/Z This estimate must, however, be corrected
to compensate for the one-half hour: lag which occurs between

the time of 1njection and the first Fppeatance of labelled cells. " }

————

- _'... - .
S 'o‘ o .

- . 5

Lo 3.4.1 ,Hetetogeneity: Lt

-~

, If A pOpulation of proliferating\cells 1s homogenaous

Q for the duration of 62 the maximum PLH value observed will ‘ :
_,_gg_;oo. In the. present system the averageaPLH peak value:{liiéc;t ";'
“‘ for 65 germinal balls was 78.9 (*S D ) at 7 hours.;e-;_:Ll:.:
2 PHM values less than 100 indicate variability in th\§Qgration:f?H;

~ As noted in Section 3 3 there are several factors RO

that can - influence ‘the LI of each germinal ball._ These'f?;d
facto*s also affect thg PLM values.: To: investigate ths’f“@“i .
* nature of these factors. it was’ necessary to examine the.{?ﬂ
. individual PLM scores (Fig. 26). (a) Scoring E:rors._ It
could be argued .that 7 hours was not a sufficient duration

in which to,reach‘the highpst 2Lﬁ.possib1e, Cells fixed‘-._.
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o
hat 8 and 9 hours after exposure to labelled thymidine were
" also examined. NQ increase was obserted in the average'velue
‘of the PLM cnrve; that is, the peak reached at 7 hours-was
approximately constant for at least two, additional hours.
‘Some difficulty was encountered in scoring the slides
prepared at 7 hours. The heavy density of gra*ns made it
.extremei_‘diﬁficult, in some cases, to discern whether or not
a labelled cell was in mitOSis.” Unlabelled cells, especiallyr '
mitotic cells, were eaSily scored.' Hence the individual
"PLM values probably represent underestimates ‘of the true

X ~
'values. Further analySis with the

uighest PLM “alues obtainedie

L would\tend to minimize the effects o scoriné errors._:fhe* ‘
f(,l (b) Partial Synchrony The presence of partial X i .

ynchrony in the small germinal b—lls and the loss of this _Trﬂ

: synchrony in the larger balls ecconhts, in part, f r-‘

Td) the cénsiderable range in PLH values recorded in the EEt

"group of germinal balls conSisting of 25 to 250 cells; and

i(il) the decrease in the range of PLM values in balls

Y

K 7

"of only. ‘the highest PLM’ valuea observed at 5 or 7 hours

identifies the gcrminai balls which had a high frequency of '
cells in 8 during the . 34-rar exposure, and in which many _ -
of the. labelled cells had nrogressed into mitosis. [

 In germinal balls of 25 to 250, 250 to 500, 500 to -~

1100 and 1100 to 1600 cells, scpred at 7 hours, some had a

of increasing size scorcd at 5 or 7. hours (Table V). ,Selection E
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PLM value‘of‘lOO'(Fig. 26). of the 65 germinal balls scored

at 7 hours about 25% had values 5 95. The high PLM values

recorded‘in each of.the‘four groups differing in total cell

.number indicates that (i) the proliferating cells were

homogeneous for the duration of G2 and, mitOSis, and (11) there
is’ little variability in the duration of G, or mitosis at

different stages during cercarial develoPment.‘

-

3.4.2 'Estimates of G, + M/2 - . . . . . -

¢
.-

]

-

| Two sets of data were used to provide estimates of‘ o
02 + M/z, the highest and th’ average PLM value obtained ’l L
for germinal balls of szmilarws&ze (Figs. 27A and B) The first
ascending curves derived from the highest PLM values were based,
on ongjgerminel ball per point. For these indiVidual PLM values
(a) the effects of synchrony would. be maximal \that is, many ‘
proliferating cells were in the S phase et the time of exposure<

to the 3

H- TdR and man¥ of the cells had progressed into mitosiS,‘
(b) the effects of scoring errors would be. ninimal that is,:iﬂ e
labelled mitotic cells would readily be distingﬁished from . :'
labelled interphase cells. The second ascending curve was |

based on the average PLM values and uould include all PLM,

r_‘
.t r :
B

values affected by these errors.
The estimates of the duration of G2 + H/Z using the

highest PLM valucs were sinLlar to the estinates using the

- Lo -~
. . - e,
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average PLM values (Table VI); for eiemple, in the 25 to 250
cell Qroup the estimates- from the hicnest and average PLM
values were 3.9 to 4.1 hours. Similarly, for the 250 to 500
cell g;onp the estimates were 4.1 and_4.2 hours. 'These

results indicate that the effect of the errors cn the average .."

PLM values must have remained constant between 5 and 7 hours.’

. ‘_‘_._"“-!

Since the estimates of G2 +, M/Z (Table VI) were approximately

constant for all sizes of germinal balls examined it is e -

suggested that the duration of G2 + M/2 emained constant in

3.5 ° MICROSPECTROPHOTOMETRY -~ 1'% 't io

To determine the relative durations of Gl' S and G2
in developing germinal balls, the‘DNA contents in samnles of
1nterphase nuclei from individual germinal balls were |
measured microspectrophotometrically.r Seven germinnl balls:"
: ranging in size from 42 to 1092 cells were analyzed.' The -
‘ cdata obtained for the 513 celled germinal ball was described
in detail.-; - e

The frequency distribution for the relative Peulgen-

‘ - .
wart

] cDVA contonts of 191 nuclei nhows that the values cover n wide :'F

range, the peak in the highcst relative Peulgen-DVA contents

is about doublc thc pcnx in the lowest value: (Fig. 28). :'
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The lowest values probably represent nuclei which have not

undergone DNA - synthesxs and are thus in the Gy phase of the'

cycle, while the higher values probably represent nuclei

which have completed DNA synthesis and are thus in the G

phase. Intermediate values also indicate that' the" population -2

probably includes cells in the S phase. At present the

followxng assumption is made regarding the photometric data*

- the lower relative Feulgen—DNA amounts represent nuclei p?‘

n containing a' 2C DNA content whereas the higher. values represent

PN

E |
nuclei containing a 4C DNA content. :-';vf_:‘ﬂi;".ﬁ:ﬁisz? ﬂ,f.;

t ‘7*__'. Cohe[ent populations of 2c intermediate' 4C nuclei

~and the 1im1ts for these classes were determined by graphical

Vmethods (Aopendix II)._ Thépdata were first plotted as a ?-

linoar distributaon of absorption values against percentage

: cumulative frequency.; A better fit’to the straight lines,
describing the 2C and‘Ac subpopulations, was obtained when “L e
logarithms of Fculgen-DNA contents were plotted.- - | ,_i‘li;p?_

i: ’L : Since the 2G=subpopu1ation constituted 39.5%: of the

———

. nuclei measured,lcolls spend 39, 5\ of interphase in G (Fig. 29). -

The log edtimates for the mean and. standard devzation of this _;
subpopulation were l 122 and 0. 036. The 4C subpopulation , |
represcnted 36 5\ of thc nuclei scored. Thus cells spend . .
36.5% of interphasc in Gy Log estimates of- its mean and

standard devxation were 1.685 and 0.048. In“the remaining IR u'.

' 24.0t of the nuclei thelr DNA contcntv wera intermediate-'
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"contalned only 35. 6%.

>

36.

between 2C and 4C; thus cells spend 24.0% of 1nterphase in. S.
Sample estimates of Gy S and G, can be used to
provide estlmates descrlblng the entire populatlon. It is

p0551ble to evaluate whether or not the sample estlmates:
accurately descrlbe the entlre populatlon.- The mothod 1nvblves ’

L3

a comparlson between the sample and p0pulation distributlons

. for each of the 51x dxfferent nuclear morphology classes.

The results 1nd1cate that the microspectrophotometric sample ‘
was not representative of the entlre oopulation (Table VII)

Dlscrepanc1es between the sample and populatlon dlstrlbutions

: for each nuclear morphology class are present ln all germlnal

balls examlned - FOr example, the 513 celled germinal ball

’ contained 44, 2% of the H L. nuclear type whxle the sample-i

4

ST J*W>sﬂ'-.'flﬁ

. f P i ' ._,‘ e_ .
The dlscrepancles may have resulted frOm a non-random
L R

selection of nuc1e1 to be measured microspectrophotometrlcally._7""
= Nuclei were selected on the basis of appearance.; If a

"nucleus had becn damaged durlng slide preparation or if one .

ucleus overlapped another they were not measured -In. the

'germinal balls consisting of 41 to 227 cells. the sample‘.

size (Table: VII) represents the maximumanumber of interphase
R

‘nuclei suitable for measurcment.f Furthormore.'wlth a. large_a

population of cclls, 1200, nuclei are normally considered to be o

:"a good sample sxze to measure photometrically.t In tho three

1argest examples dcscrzbed in this report a samplq size of
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'approximately 200 nuclei-was measured and constituted 39.0%
of the total number of cells for 513 celied germinal.ballh‘
22.9% for the 874 celled germinal ball, and only 18.3% for
the 1092-ceileé germinal ball..IWith larger nopulations therefore -
a smaller proportion of the nuclei Qete sampled.theieby :
increaSing the chance of obtaining a non-random sample.:
Correction of the data for graphical analysxs refines

- the estimates tor the cell cycle qutlined_above.' The deta

was corrected‘by Weightin§ the'indiVidualnphotomet:ic'vaiues."
 for each morphological type of interphase nucleus to :fi |

r present its distribution within the populatiOn. ;gdr-rf'

] 'example, in the 513 celled germinal ball the sample contained

'-»nuclei. The individual photometric values for the medium light

! "nuclei were weighted 80 these values constituted 44 2‘ of f*’f'i*

‘the total populatign. From the weighted sample data a’

_new cumulative frequency plot was constructed (Pig.30).,e;i?31'"
:From this plot, estimates of the three parts ot interphase S

were determined for the entire population- G1 constitutes - ‘
51.9% of total interphase. 's, 20. 5\; and c,, 27.61. .The gpi:fﬁiJSfV
:mitotic index for this germinal ball was 9.4: thus,zthe(fictfﬁ"'
-value for mitosis and for the interphase classes expreesed :

' '2 v .o

as pOrcentagoe of total cycle time were.:-',nﬁ, j:;{;-iﬂ;ﬁif.f




3s.

% Total Cycle

Mitosis ‘ A 9.4 _ i ) ;
Glt - E,' | 47.0
S : ) . ) ‘:}.. . 1806 i
e . . . ot 2\"‘-, . * . - . ‘ *
o G, R 25.0  , - —
o The estlmate of Ga +. M/2 derlved_from the PLM oy e

data has been used to convert these percentage9=into

—

duratlons (Appendxx III) tc was estimated to last 13. 9

hours in whlch te. was 6 5 hours, ta was 2 6 hours,{

-
_ 1’ . o
t was 3 5 hours, and tM was l 3 hours.,'; L \”.
,G2 B N O

"'\ For each of the 7 germinal balls analyzed the ff;.

'phase wcxe:-‘hu

| sample 123 TS

) Difference ‘9. 9 :d' 17:8. 17 2. fz_-s‘ 31 3 'f 54 9
~.This variation resulted f:om the sampling errors 1ntroduced
when the nuclei were origxnally selected for measurcment.f,Q'r'i
The degree of variation would depend upon the extent to whidh
‘each morphological class was weighted and on the DNA contents

for each morphologicnl class of 1nterphase nuclei.‘ In the f',j’i

o

. smaller germinal balls (Samples 1—4) the majorrtv ot the H.L..
nuclei were origin 1ly measuted photomotricaﬁ%y, wheroas in

nthc'lnrger gcrrxnal ‘balls (sanples 5-7) a large discrepencv .

Vo



* M.L. nuclei would be weighted to a

nuclei thch showed almost identioal

existed between the sample and\population frequencies. For

the larger masses the -individual DXA readings obtained for the
reater extent than for
any of the five remaining interphase classes, e.g. M.M.

requencies for the

'semple and the population estimates (Takle VII). .Weighting

the individual sample DNA values for th M L .class would

'tFnd to increase’ the percentage of cells located in the

Gy phase, since almost all of the M.L. readings represented

. a 2€ DNA content_{Section.3.1); In contrast weighting the‘

2.5¢ to 3.5C (Section 3. 1). *g. ._‘;1 L

valueéfﬁor M'H;'olass'would tend to influence the fraction
of cells appearing in.s- since the M. M. DNA values ranged from

In the five samples consisting of 513 or fewer cells "

‘,.the estimates for the relative duration of each phase were.

approximately constant (Table Ix) The average value for

: t. was. m 15 2 hours and the durations of'the indiv;dual

: phases were 1. 6 hours for tH. S 6 hours for tG 4. 8 hours
1

- for tg, ¢ and 3. 2 hours - for tG -‘On the other hand, in the two'
2 )

largest gorninal balls analyzed photometrically. that is

‘the.874 and the,logz qpll germinal balls, ‘the durations o!

tc and tc' wero abous two to three times the durations
h g

'observcd for tho germinal balls composed of 513 of fower 7},

cells. The durations o! mitosis, s and 62 were, hbwever,,

L
4

£ similar to those of the snallev masscs. The incroase in :




"time of fixation, -

40.

the duration of tG reflects the increase in the relative
: ' 1
proportion of the G, nuclei (Table VIII}): and in particular

-
from an increase in the absolute number of the M.L.' type

of nuclei (Table VvII).
within,any germinal ball the fraction of the total

population of nuclei containing polyploid DNA'contents can

be estimated by the gxaphical method7 Points of inflection‘

beyond the 4C population ‘indicate nuclei containinq'polyploid

DNA contents. No evidence.for polybloidy wae found inrthe -

five germinal balls. conszstgng of 41 to 513 cells.l The two

largest germinal balls contained varying proportions of

nuclei.with DNA contents greater than 4C. In sample no.-§d- :

with 974 cells, 0 85% of the nuclei contained DNA contents

greater than 4C of which O 32& fell b tween 4c and 8C and
0.52% were ac (Fig.f 31) In sample. o. 7 uith 1092 cells,
0 58% of the nuclei had values between 4C and BC (Fig. 32). ;ﬁ:"

The morphological class of nucleus containlng polyploid DNA

i contents was always the large medium type I];'-T\;'

5.

The incidence of polyploidy was low and variable:

;.-._

~neverthe1ess. the presence of polyploid nuclei could be ueed

:]'t° describe the developmental processes occurringywithin 5-;; [

this syetem. Since polyploid nuclei ere detected by photometry

fonly uhen the nuclei are at least at the SC DNA level they

must havo becqpe committed at least 1& cycles prion to gha " ;Zu:;;e,

time when the larvae contained
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vy

fower cello than recorded at the‘time of fixation.’
"Committed” implies that. these cells are different from
other proliferative cells; The difference is that the
polyploid type of nuc1e1 have gone through a replicative

- cycle which was not followed by a division cycle Thys

& .
some™ cells are. belng commltted at a stagﬁ»of larval aeyefoﬂment wo T
which 1s 51m11ar to the stage at which previous results - .
have shown that many other cells ‘are also leav1ng thef“ R

prollferating pool to become non-dividing cells.

‘f_”‘

el

3.6 . HISTOLOGY OF DEVELOPING. CERCARIAL LARVAE . "~ :' = @ =

. D

. e A histological study was carried out in order to

'determlne the position ‘of ; div;ding cells within the developing”i‘
cercariae.; Such .an- analysis is not possible in squash

preparations, The distributions of the morphologically erc L

dxffcrent types of interphase nuclei were also examined.i}i{tfftT
| Prior to the 1100 ccll stage.‘mitotic figures were i
scattered apparqptly at random throughout each germinal ball R
(Fig. 33 91. 11 Figs. 2, 3 7).3 when the germinal balls fﬁ;;;“]r? ;:f
consisted of % 1100 colls, two foci of prollferative activityv‘ll |

were found: mxtotic figurc -were restricted to~the antcrior

and: posterior regions of ”(Pl. II Fig. 6)._ In the

larger gernxnal balls, thc poytcrior rogion of prollforativo.'

l‘,‘
1 N




42.

activity d4s lost, while the anterlor one i .etained.

. The large. and medium

»

1zed’c1a ses of non-mltotlc

. et —

nuclei were also scattered throu the germlnal balls L '

composed of 1100 or fewerﬁy}lls (pl. 1I, Figs. 2,3, 7). At ,

the ta;l bud stage (Stage V; Cheng and Bier, 1972) the .

tail reg1on was composed of nuclei which were all of the

~3

medium light type (b1. II1, %Plgs. - 4 51 " The- body of ‘the

e -t .

Il

developlng cercaria con51sted prqdominantﬂy of the'.‘

-

-

-medium ligh type whereas the large-sized class were 1oca112ed

in the mld—b y reglon. Gland cells eventually form 1n this

reglon.' The e, gland cells contain nuclei which although ;_ .';‘

nuclei of you‘g germinal balls. The former typc contained

'i s

‘ prevxously (Sec ion 3 1}.‘ It may be supposed that somc of

‘u,‘.,.

X of the developini cercariac, aro destined to form gland cells.u

In the ma@ure cercariae the average number of ;;}_f‘

| nuclei contained JLthin the'tall-was 280. of: uhich 40 nucloi.,

were located in e ch fork of the tail.' It was impossible,

"‘."-

, from examining the scctioncd matorlal. to obtain an accurate Fal)

/ostimato for the total numbor of cdlls evcntually contnined
within body.‘ Bven tho techniquc used to scanato the

1ndxv1dua1 cells failcd to scparatc all the coll; of a maturc ff‘

: . . . .




cercaria: The largest masses accurately scored by this‘”ﬁfnz S
latter proccdure conSisted of T 4800 cells. Since their MI

'-was 1ess than 1. 0 (Section 3 4), a reaSonable estimate for therf'

P . .

" total number of cclls contained within a mature cercaria

-
’

' is about 2600. . B el

Nnclei appeared to be in close proximity with _
adjacent nuclei 1n the Feulgen and Fast~Green stained

_sectioned material of germinal balls consisting of 1100 or, L "

fewer cells (Pl. II, Figs.»2 6) : The absence of a® positive

'.Jg"

: cytological staining reaction was also observed when sections l‘ - ;ff
of Similar Sized germinal balls were stained with h@ematoxylin

ﬂ_and coSin (PI lI Pigs. 3, 5 7 The histological evidend%

}inaicates that Since the cells have almost no cytOplasm thete ’

3 -

can be little or. no synthosis of cytoplasmic components.

When the cercarial lacyae consisted of about 1100 or more .
-cells a p051tive cosin, reaction could be detected in the cells : -

'of the elongating tail and in many cells of the bodv (Pl .Ilfj_4'

Figs. 4, 5).) This observed positive eosin staining reaction D
indicates that qome of the ceIls were Engaged in the ";
1'synthesis of cytoplasmic compohents. these cells were_ e

:apparently differentiatinq intb specialized ceils._ Some:”“
itmlls apparently remain undifferentiated- in the mature M

cercariae the genital primordium appenred as an ;o

undifferentiated mass of amall cells (Pl. II, Fig. 8).‘ T i

] ‘ - "y
H
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44.
. The above results support the suggestién_made —_—
previously;, that within the small germinal balls the
majority of cells were actlvely engaged in éellular 5

L

‘ prollferatlon. Howevqr, when thetgerp;nal balls contalned

e

e - -

approxlmately 1100 cel&s, one-half the number found in a - . %(\

mature cercarla, many ;} the cells were no - longef'proll ng.,, -
The cytologlcal ev1dence 1nd1cates that many of - thesq' T
non-cycling Cells were dlfferenglating. . \\{'
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TABLE 1

L

Bt

Relative Feulgen-DNA contents and areas for the

morphologically different classes of nuclei from a

513 cell germinal ball. The 2C and 4C median DNKbcohtentsl‘

were 26.4°: 1.1 (¢s.D.} and 48.1 ¢ i.l-érbitrarylunifﬁ$w;
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TABLE I

DNA Content ) | Area -

-

: T - , - i
Nuclear Class |  Mean Standard Mean  Standard - Sample
L Deviation '} . Deviation | -.SiZe

' Large Light | 35.4 ¢ 9.0 | 4.1 146 TS

Large Medium 50.5 ' : 6.4 388, 1002 - | 027,

Medium "L‘ight_ R 28,2 - 53 i 135 '_1.'7__1_5'.__2""35:’_' - ;,_".Z _fg‘,g_.}: .

vediun Medium || 44T L &8 o 2977 N4 | 34—

Sall Dark . | 28000 3.0 | %5 a3 f 3T
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TABLE 11

Relative Feulgen-DNA contents and areas for the
morphologically different classes of nuclei from
- a 905 cell germinal ball. The 2C and 4C médian L o

DNA contents were 29.5 ¢ 1.1 (¢S.D.) and 60,0+ 1.1

arbitrary units.
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TABLE II1

DNA Content

' Area

47.

Nuclear Class

Mean .Standard

'peviatiop

‘Hgan ‘Stancard
S Deviation‘

Saﬁpie'
Size

Large'Light-i

Large Hedlum

Hedxum nght

“iuedium'nedium . )

Hedium Dark

”,Small Dark ;?5

1

28.3° - 7.3
612 4.2' o

30 3
50 9
63 2
30 2
32 0

[ o

.2i,."
e

. ‘." --55,




: TABLE III
Relative Feulgen-DNA contents and areas for the
N morphologically different classes of nuclei from
a 1092 cell germinal ball. The 2C and 4C ‘median DNA

contents were 27.8 ¢ 1.1 (:S.D.) and 53.7 ¢ 1.1

arbitrary units. :
\_\\ o o .
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TABLE IIX

///’DN#-Content

. Area.

48.

Mean Sténaaral

Deviation'

Meﬁn -~ Standard
~ .Deviation

éample
Size

Nuclear ?ii§s//

Large Light‘
. Large’Medium‘
Medium Light
‘Medium Medium
Medium-ﬁgfﬁi
'”SméI;'Datk  ?5

Bleb- .7

33.8 5.0
. 53.7 6.5

| a7 T3

30017 . 2.8 | 16.8

'41.8 . 8.5

41.8B -

: 193 6 9 |

13.6 .
: 5.4‘ -
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TABLE IV

I,abelling indices of germinal balls at various times

after exposure to 3H-TdR. ,
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TABLE V

. ' [
Percentage labelled mitoses of germinal balls at )

3
various tires after exposure to "H-TdR.
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TABLE VI

. . . | \"w

Estimates of G, + w/2 derived from PLM curves of

germinal balls differing in cell number.
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TABLE VI- - - w

' N e .
’ )

) Gcrminail ‘ : Esé;mate‘of G2 + M/Z (HOurs) _ . _ T

Ball ‘
. Cedl .Group from hlghest PLM ; ‘from average PLM

. o . ‘at 5 and 7 hours at 5 and. 7 hours T . -
. . / N -' o ,"g---.. . - . E ‘I
25-250 . 1. 4.4 (3.9y® .~ T 4re (4.1 L. -
: o ‘ . IR . e I R
so-100 ¢ 48 (.3, o T4 o

1100 1600 | 51 (.67 s

C OV
- l' - — - ' - "\.'., - ”'_1 - . _}"ﬁ;ﬂ

4 2’ e . o S . .

aNur\ber in parenthesxs denotcs a. corrected vhlue which 13
/

dcrlved by subiractxng-& hour from the observed valug.y

o

:‘".l
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TABLE _VIT

Relationship between the nurmber of nuclei measured

phcto"etrxcallv and the assolute total number of

nuclei wlthln each nuclear morphology class for .

<

seven germlnal balls.

a. Total number of celﬁs in'the_jcrmiﬁal'ﬁalli'

b.,.Number'of nuclei for each mprthIOgice;!classf{'

scored photonetr;cally. _d;i

Q" . Y

| te'iactual nunber for each morphorbglcal class present

in the germ-nal ball.;‘r '7od”':d_1 f;fxi."'-;“'

d.‘.[Numbe' of nucle1 scored for each morphologlcal

! classl/[Conblned total- number of nuclei scored for all

: morphologlcal cIasses] X 100. f' :
AT '-"l'."

e [Actual nurber for each morphologlcal class]/" .

[Combined ‘total nunber of nucle1 for all =f* _ fﬁ
morphological classes] X 100. ' *=' . T

NN . _ o 3 .
- . f ll- l.A.- ' B ‘ N A \
w. N .
' - >
q- .



o . . w
“ . orooT  0t00T - TS - ¥E
o
6°'S 6°S . .. No_.. N
8°L g8 v . c
} . ’ -0 . .
L°ST - 9'0C 5 ,

wy

t)

’, A
' ’ T
. S
' . 'y
? Sae
. Yy
! -
u.-#? N
.'_. 3 -
‘ , N : A

.ﬁcﬂwaz
- ‘aseydrojur

1= . 19304

Ay1eg

- TTRWS.

._ ~. A , m!:_
St Yaed

Lo WnIpIW T
wn Yok
unypon.

I

S R

UNTPON

Wn3PoN
obaeq

IYbFT
v . abaxen .

S A R I AN Abotoydioy
SsSeTD "SSRTD ssery - . - .- BEBRTD -t Iearonn. ¢
‘Teothbotouydaop TeotboToydzon Teoiboroydion’ . - Teayboroydaonw -~
yoeda jo yoed Uyl TOIODN . yoeg jo T yoedg uy I9OTOON. . . 3
a0EIUDDING , Jo Iaqumn ﬂmmubmnumm;‘_. .- 3O I9qunN ) ' ‘
. (STT®> T9) . Ce(8TT8 TH) T - ‘
Z *ON aT1dues ;.1 "oN ordweg - oo _ .
A ...-» . . ‘ R . .. . . . . .,..ou ’d -!
. IIA FI6YL SRR ¥,



53.

B - ST T
. oL - P
. A T T _fotonn
: . : Tt “|.0%00t. © 0700 . WIT: 98’ eseydioaur
0°00T  0°00T 802 6T gm.oom__q.punmm‘._.g¢wJ _ P T Treaes
, e .u. p‘;u. RN (I - navg
0'Z% T°6T 52 1 I A SO QH; BT et - Treus
96 6°0T 02 €T | 6°%T - .0teT L LT et ~ wnypoOW
€Lt 812 o€ 9z * f.T°TT . . 876T- -» ~¥T. . LT o waypoW .
N o el e SP Ceoqyeyr |
8TV S* 6€ L8 Ly [ ETEE L 670E ., 8€E CLN -, MWMIPOW .
ST A A L | o umypeM
9'6 v 0z 0T joerer v T0ST A A ebie1

BT -
umuuqq

LT . B L
- - .. ..‘ ‘ ... e mh. .._. = .. . N . ‘ .<. ] th.. B .... ..
. . +dog ‘ures . wmoaw..ammamm. _.nmom‘.J - ‘weg . 88RID
hmom . 1 Emm n. m . m . . . . .-.... t‘ .. , o - hmo.ﬁox&-ﬂoz
sSeTD ’ SseTd - mmmHo < ' SSBeID ucmﬂu:z
TeoTbo[oydION _ Teo1botoydaon HmoamOdocmuoz Hmoawoﬁozmuoz .
yoey jo " yoed uT, TRIOLN ‘yoed 3o. - :omm uT TOISON” .
5be3uUaDIdd Jo a1squmn mmmu:mouwm .- uo umgssz . . )
(sTT®2 L22) ° ﬂmﬁﬂmo 621) * T
y "oN oTduesg _ g .oz oamEmm : . =
Gma:..ﬂ..maouu IIA ATEVL )

w



S54.

0°001 0°'001

0°02

ro

€T

18

6¢£S

9t

6t

(4-74

S61.

6t
9T

1243

- 6%

1

Tz

col e
:H m: : e
25y :m et TS
Jmm aMwwn _WWM : Lz,

_JOTO0N

wuwnmuoucu_

1e30L-
m.&kna
TTews
yaeq .

| agﬂuoz
E:aﬁox

- UnFPeN

3ybyT
5 umIpeH

‘wmyPON
ebxe1

1

B3

IYLTIN.

+- “abaer

*dod ‘wes *dog

sseTd

:1:1-3 go)

‘wes

HmUAmoHo:m“Wr.

.‘ -Eﬂm

anm

mmHU AR
HmoamoHon&uoz wn

mmmau

..Eﬂm.

*

8STTD

IeaTONN

TeotboToydion . ﬁﬁOﬂmoHosauoz v
yoed 3O yoeg ut TSTONN yoed 3o somm ut 19TOnN
abeauanaad JO Iaqunn, mmmu:wouom N mo umnﬁsz .
(STT22 ¥L8) - Amﬁﬂoo MHmV s . :
g "ON o1dueg » - .G °*ON mamﬁmm . B
_ . T uk.ﬁ ..,_c; |
\ ) (ponuTxuOD). I1A d1aVL . ., ° .
_ 2 o0, L - :
Q . Q‘ - - b .-..

...%moaosauoz.

ar



0°00T ~0°00T

u.:.Nmm.mmMa.Nmﬁv
oot ot

Tos i e

H,nmﬂanwamﬂmm»rwm

-

e

ﬂaaonz
1e308

“y1eq
Haneuﬂ

x.ﬂﬂn—

Ax_.m_wma.wmmmv,mfaﬁmw;-

* unypon

wuymwwwdwnﬂwu wmmaue=ﬂum:h

UBTA

 UMTPOH

S umypeN
.- ebaeq

S 1 A £

. L>.ebienq

+dog  ‘ues.

s58TD
TeoTboToudIon

yoed 3o
abejusoxagd’

.-

.mom ,mng&mwm.

@ mmmﬂu S
ﬂmoﬁmansmuozm‘
yoed uf. ﬂwaoszm
30 uonﬁsz

(sTT®° Z60T)

L .oz mﬁnEmw

e

mmnnmuou:H

‘ mmuHu .
amoﬂo:muo:
. uuoaonz

-

(PoNUTAUCD), 114 ITAVL




.

Estymnates

s,

TABLE VIII

of thc‘gnlatlve durations of the phases
¥

of .the cell cvelhp expressed as percentages of

the total

cycle in germinal balls differing in

cell numbers.

4petermined from the graphical analvsxs‘of the

nuclei measured m1crospectrophotometrlcally.

.

b
' individu
represen

populati

Determined from the graphlcal analysxs of-the';{

al photometrlc values welghted 0 f

t th01r dlstrxbutzon w1th1n the
ons - -.f‘."-r
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TABLE IX

A
.
g

Estimates of ﬁhe durations of the phases ‘of. the cell

cycle in germinal balls differing in cell number.
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TABLE IX
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Sample  Number of cells/ 't ty
No. Germinal Ball

Gl S

(hours)

41 . 14.3 1.0
2 61 14.6 2.4.

37 T 129 . - 142 1.6
Q - N

" 237. 18.4 1.6
5° Coos1) 0 139 1.3 6.5 T 2.6

6 . 874 4+ .‘Bqﬁa;Jiya,

7 1092 .

v

e 1

5.5 4.4

4.5 5.0

5.0 4.5

1 1‘5-3 5!.4

'/6.2 : 3.5 .

2.7

31

3.1

'. 3;5 . ‘!'ll
T T S

i ST

s Y

~ 3samples L;£b14;ﬂ523{jg/i;§{q;§f”éﬁ£a‘;ﬂ

Samples '5 ahd 6, G, + M/2 = 'd.llours.
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FIGURE 1

>

Diagrammatic outline of the life ¢ycle of the schistoséme

Trichobilharzia ocellata.
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FIGURE 2

Diagram summarizing development during the 1ife cycle

of Trichobi lhrav‘zia ocellata.

(:) "Cells of the gefminai line.

o Somatic cells which form the tissuéé and
disappear without descendants.

¢t Indicates the stage 6f germiﬁai develdpﬁent at
which incomplete meiotic diQIﬁions'wbu}d'gdcur

“ if the germinal cells reproduced -

- . -

'\\\\;’pﬁtthenogenetipally. ' R R

[



| SR * [\ ' Somaof the miracidium,

N Q) - . - ) wh‘i.ch then becomes the
Germina) ‘cells that '

- /1 -]\ soomaof the mother spdroqut

) ‘:;;.pa’l‘;throqg.t} the ,- A . d (primry gem:l.nal. uc). .o
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Frequency distribution of relatiVe Feulgen—DNA contents

/¢

) of each nu clear rorphology class from a 513 cell
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FIGURE 7

- Frequency distribution of relative Feulgen-DNA

contcntv'of ecach nuclear morohology class from a 109? -

' ’cell-germinal ball.. Ar;ows indicate the 2C. and 4C
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FIGURE 8
Scatter plot of waelear arca and relative Feulgen-DNA
content for '\ «+vrtnar morphology class from a

1092 cell gerr‘%al Pall.
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FIGURE 9 L

Percent distribution of mitotic\ce%ls in germinal balle'

of increasing cell number.
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Percent distribution of the Medium Medium nuclear
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<FIGURE 13

) i i T Mediurn : nuclear
Percent distripution of ;he vedivm Dark

R . e s e
mornhnloay class incorminal balls o©of 1ncreasaing

. . . . .
cell nurber. See Flgure g fpr detalls.
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FIGURE 14

Percent distribution of the Large Light puclear

morphology class in germinal balls of increasing

cell number. See Figure 9 for details.
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FIGURE 15

Percent distribution ¢of the Large Medium nuclear

morphology class in germinal balls of increasing cell

nurher. See Figure 9 for details.
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T ) . ’ FIGURE 16

e ' ¢ e

.r . - -
’ Absolute. number of mitotic cells in germinal balls of
- I * ' ' - ‘ )
T . .increasing cell number. Sce Figure 9 for details.
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FIGURE 17

Absolute number of Small Dark nuclei in germinal

balls of increasing cell number. See Figure 9

for details.
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FIGURE 18
3

] igh lei in
Absolute nurber of vodium Light nuc

s

i 1 in 21l number.
germinal balls of increasing cé t

See Figure 9 for detalls.
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FIGURE 19

Absolute number of - Medium Medium nuclei in germinal

balls of increasiiﬁfcéll number. See Figure 9 for

—

details.
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A FIGURE 20
-+ Absolutc number of Medium park nuclei in germinal
balls of increasing cell nucber. See Figure 9 for
details.
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FIGURE 21

-

Absolute number of Large Light nucleil in germinal

balls of increasing cell number. See Figure 9 for

details.
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FIGURE 22

Absolute number of Large Medium nuclei in germinal

balls of increcasing cell number. See Figure 9 for

details.
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FIGURE 23

.Loss of partial synchrony in germinal balls of
083 ;

increasing cell number. The Best Fit Llne was obtained

of least squares (coeff1c1ent of /
' C

cotreidtion r - 0.75). Upper and lower limits for

- /ﬂ

d by the Chi Square
presented 1n MATERIALS AND' METHODS.
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FIGURE 24

Labelling indeg for germinal balls of different cell
number at various times after administrétion of

iH—thymidinc.

Hours After Exposure to 3H—-Td
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FIGURE 25

Percentage labelled cells in germinal balls of

increasing ccll number 1 hour after exposure to

' 3-TdR. The best fit line was obtaiﬂgp bv the 7/

method of least sguares (coefficient of correlation
r = 0.69). Upper and lower limits for sampling
errors were calculated by the Chi Squafe technique

5

described in MATERIALS AND METHODS.
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FIGURE 26

Percentage labelled mitoses for germinal balls of

different ccll number at various times after

administration of 3H—TdR.

Hours After Exposure to 3H—TdR
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FIGURE 27

Percentage labelled mitoses curves for germinal balls of

A3

similar cell number.

Panel A. Points plotted represent the highest PLM valueé
from each germinal ball group differing in
cell number.

25-250 —— e —
250-500 - e—-—
§00-1100  ==——enn- PR

1100-1600

panel B. Points plotted represent the average PLM values

from each germinal ball group differing in -

cell number. L.
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FIGURE 28 .

Frequency distribution of relative Feulgen-DHA values

from 191 nuclei of a 513 cell germinal ball.
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FIGURE 29

Frequency distributions of logarithm relative Feulgen-
DNA contents from 191 nuclei of a 513 cell germinal ball,
) o

~

Upper Figure. log10 relative-Feulgen~-DNA contents

expressed as percent ¢umulative frequency.
The straight lines represent the 2C

subpopulation (left) and the 4C

subpopulation (right).

Lower Figgre.//Histogram of log10 relative Feulgen—DNi "
" contents. The area under the two Gaussian
distributions represents distribution of

nuclei with 2C (left) and 4C (right)
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I - FIGURE 30

T
v o R . .

FrequenC}; fistributions of logarithm relative

Feulgen-DNA contents froin 191 nuclei of a 513

.cell germinal ball. Each individual photometric

: \'raAlue: was Twe:i.ﬁghted' to,represent its distribution '
within the -populatioh:.' 'See Figure 29 for ;
details., - o ‘ )
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FIGURE 31
.—————————§_ P
Frequency distributions of logérifhm relative
Feulgen-DNA contents from 195 nuélei of a 915
cell germinél ball. Each individual photometric .
value was weighted to represent its distribution

within the population. See ?igure 29 for details.

'l
o A -
. . ) -
< .
B ) ' .
. N . " J‘.
- ' . - ..
s | .
.
%
, .
Q .
. 1 -
. . .
g . 47
. - : .
. /} : ;
\ . . - K ) ‘ Lo
3 ! ' . - L . 5
4 . v o .
- P lI" < " 'IJ."“ T - e A 1
. - A .
- K | ]
L
- A d
.
.
r



NUMBER OF NUCLE!

89.

W0 - w40
(ARBiTRARY UNITS)

- . (':’-‘\,___‘./”

: 800 - -~ T
LOG (RELATIVE' FEULGEN DNA AMOUNT) 7. .- -

/

.8
ENCY

T
.
o

'PERCENT CUMULATIVE FREQU

..- - ."“



FIGURE 32
Frequency distributions of logarithm relative Feulgen-
DNA contents from 162 nuclei of a 1092 cell germinal
ball. Each individual photometric value was weighted
to represent its distribution vithin the population.

‘See Figure 29 for details.
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FIGURE 33

0

Distributions of mitotic figures in germinal balls
.differing in cell number. For each germinal ball the
sequence was drawn from serial sections. Scores

Andicate the approximate total number of cells in each

germinal ball. )
M = metaphase.
» "T = telophase.
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‘FIGURE 34

Diagrammatic outline of the distributions of the.

nuclear morphology classes throughout the cell cycle.
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PLATE 1

Figure 1. Variation in the nuclear morphologies in

developing T. ocellata cercariae.

Abbreviations
1 | Large-Light
2 Large-Medium
3  Medium-Light
4 Medium-Medium
5 Medium-Dark
6 Small-Dark
7 Bleb
. P Prophase ) 2
\ M Metaphase
A Anaphase
. ' T Telophase’ S R
. o . ,

Peulgen-stained. ]
 5 s _: Panels A-B. ﬁagﬁificatioﬁ X640.

Panels .C-F. Héénification.xéoo.
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PLATE 2

Figure 2. Dis ibutién of mitotic figures in‘'a 300-
celle rminal ball. M = Metaphase; B = Bleb,
Feulgen and Fast Green stained. Magnification X580,

Figure 3. Distribution of mitotic figures and large-size
nuclei in a 600-cell germinal ball. .
B = Bleb; L = Large-size rucleus. Haematoxylin

o

and eosin stained, Magnification X580. o

Figqure-4. Cercarial- larvae at the tail-bud stage of
development. Note that the tail-bud (tb) is
completely devoid of mitotic figures. The gland
cell (gc) contains .a large amount of 'cytoplasm;. a

- faipt outline of the nucleus is also pregsent.

* " _Haematoxylin and eosin stained. Magnification X580.

Figure ‘5. . Cercaridl.larvae at the tail-bud stage of .
development, and germinal - balls consisting of
less than 300 cells. In the cercarial larvae€,
mitotic figures and large-size nuclei are absent
from the tail bud region (tb). Gland cells: (gc)
are present in one of the larvae. Note the
absence of cytoplasm and the compacted arrangement

. of the nuclei in the two germinal balls (gb) .
/ - Haemathylin-and eosin_staiped.' Magnification X192.

, Figure 6. pistribution of mitotic figures in two. germinal
v balls consisting of 1100 cells. The lower germinal
ball was sectiohed longitudinally;. the upper -
, _germinal ball was sectioned through the anterior-
. portion of the body. Note that the mitotic
. ' figurés are localized primarily 'in the -anterior
. body region. A few mitotic¢ figures are also -
found towards the posterior region of the body °
in the lower germinal ball. B = Bleb. Feulgen
and Fast Green,stained. Magnification X580.

Figure 7. 'Distribution of mitotic figures and large-

sized interphaSe nuclei in two germinal balls - .
consisting of less than 50 cells. ‘M & Metaphase;

B = Bleb; 'L = Large-size interphase nucleus. . t
Haematokylin and eosin stained. Magnification X640.

[ -~ .

R ' Fiqure 8. Head region of-‘a mature T. ocellata cercaria. - :
Note that the genita;,prfmoraIumelgb) is composed
of snall darklv-stained nuclei. “Feulgen-stained.
Magnification X192, - o : :
R . » . .- e t

~ e .
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4. DISCUSSION .

.t ey, /

In mitosis in -eukaryotic ceiis there are:four

R -

‘characterlstlc morphological stages._ prophase, metaphaset/i e

- anaphase and telophase: NoéLmltotlc cells generally % ’
sufficient va;iation in nuclear morphology to allow sﬁbdivision‘

‘of interphase. Nevertheless, by defihiﬂg éh@'occurrence : *

and the ddration of the DNA synthetic pefiod, intérphase |
_can‘be partitiohed-into three phases, ;haﬁ is, the DNA -
synthetlc period, S; the presynthetlc period, Gl' and the
post—qvnthetlc veridd, 62 (Howard and Pelc, 1953; Quastlen

'and Shexman, 1959 Wimber, 1960). . 4

In the present study nuclei were—found to‘Vary 1n

size, staining intensity and appe;rance of the chromatln.

The phases of the cell cycle for proliferating‘bells of h

T. ocellata could be identified:by‘comparing changes in .~ S
nuclear morphology WIth changes in DNA contentﬂ nuclear o
.area. and labellxng patterns after exposure to 3H-TdR. ?he‘
following scheme is proposed. gThe Blebs are found in cells

that are at the mitosis-Gl transition point in the cell - _
cycle, Small Dark nuclei (S.D. ) in early G, .cells, Medium . . Sy
Light nuclei (M.L.) in ‘late G1 cells, He&&um Hedium nuclei -
{M.M,) in S cells, and aedium Darf nuclei (ﬂ.D.) in Gy

el
T

A e - 96 - - ! * . . .7
. } . . . .
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cells. Large Light nuclei (L.L.) occur in late G, and
early S cells and Large Medium nuclei (L.M.} in late S
and G, cells (Fig. 34).

Nuclear morphologies eimilar to those described for
T. ocellata have been observed in a number of cytclogical
studies of the miraeidial, germinal sac, that is the
sporocyst and redial, and cercarial stages (Brooks, 1930; _
Chen, 1937; Rees, 1940; Pieper, 1953; Van der Woude, 1954;
cirordia, 1956; Guilford, 1958; Khalil and Cable, 1968; Voge
and Seidel, 1972). Based on the descriptions given fot the

appearance of the chromatic material, the nuclei of  these

larval stages generally fall into three categories in which
r‘!\ .

the chromatin may be elther dlspersed as a fine network or
be condensed into knots aleng a flne network or appear as}f
a few strands resembling coarsely arranged material._ The
three categories correspond to the observed chromatic patterns.
of the medium and large-sized nuclei found in T. ocellata.
At‘present,_however, the data are insufficient to suggest
that the - varlatlons in the appedrance. of the chromatin
whlch reflect the Gl' S and 62 phases of the cell cycle in
T. o¢ ellata represent similar phases for other species of
dxgenetic trematodes._': - ‘.'-;"j“ : _ -

- In T. ocellata, nuclei of two size clesses designated
as medium and large each have DNA contents ranging from’ 2C

to 4C (Fig; 34).‘ It may be that there are two discrete

(SR [ ’
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populations of cell types proliferating during cercarial
development; or, the cells may represent one proliferatiné
population which tends toward a paftial bimodality with
~respect’ to nuclear area during the late Gl' S and G, bhases.
The following considerations of the data obtained during

the course of the present investigation tend to support, the g

latter hypothesis: , ‘

A

(a} The size, appearance and staining intensity of the chromatin
was extremely homogenedus in populations of eells in the .

mitotic to early Gi‘phases of the cycle. In the absence

~

of suff1c1ent morphological variation all cells in

mitosis and early G1 probably rEpresent one proliferating

a

cell type.

{b) Analysis of the PLM data revealed that the proliferating o
cells were homogeneous for the duration of G, and mitosis;
a situation which usually exists if there is only one .
prollferatlng cell pigulation. ot ‘
(C) In the seven germlnal balls aLalyzed microspectrOphotometrically,.
) regions of overlap existed between ‘the medium and large-"
sized nuclear classes. Overlap in area values would be o
expectéd to occur if the nuclei change continuously as
the cells proceed through interphase. o
Numerous workers (Brooks, 1930 Chen, 193?: ‘Rees ,
1940; Pieper, 1953; van der wOude, 1954. Cirordia, 1956:

Guxlford 1958; Khalil. and Cable, '1968; Voge and Seidel, 1972)
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distinguish between two proliferating populations of cells,
”during trematode larval development, on the basis of

relative size and ;olative frequency. Generally, these studies
do not inclode §pecific measurements of nuclear areas and
_the absoluto ftoouencies-of the nuclear types. nspeotion

of the drawings and photographs presented in tﬁese studies

reveals basic similarit;es~with t%e large and medium~sioed
nuclei found in T. ocellata. The observation‘of two sizes

of nuclei during development has led to the thoory that'cells

conto;ning large-sized nuclei represent germ lino'cells aﬁd'

the more frequent celléfwith smailer-aized-nuclei repréoent'

somatic line cells (Brooks, 1930; Cable, 1934; Ishii, 1934;
_Rees, 1940; Cort et al., 1948, 1954; Oliver and Mao, 1949;
Pieper, 1953; Van der ﬁoude}ni954; Ciroraia, 1956; Cheng

]

and James, 1960; James and Bowers, 1967b Cheng and Bier,

1972) . There are er of uncertainties, which taken

toget' ,llndxcate that this theory must be reconsidered

carefully and that it is ot.directly'applicaoie'to the
developing T. ocellata cerca 'ae.'o | ‘ n: o
No study has shown that le*too oistiootivo cell
lines are inherxtable. That 18, 1f ‘the progeny of each ‘cell
line dxsplay a. nuclear mo:phology which 119characteristic of
the parent cell. Notwithstanding the lack of direct evidence
ind;cat;ng maxwtenance of cell lineagea, it may be qranted

} that the cells containﬂng the la ge-sized nuclei reprcsent
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germ line cells and that these cells form the cercarial
genital primordium. However, in a fully developed cercaria
of T. ocellata the genital primordium is composed of a mass
of cells possessing small, darkly staining nuclei. Under
the proposed theory, the cells which originally contain
large-sized nuclei would undergo dramatic changes in nuclear
morphology during the formation of the genital primordium.
presumably as their morphology changes the nuclei would
transiently appear similar to the somatic nuclei. Such a
sequential transformation makes it iﬁpossible té'acgurately
trace the migration.of the large-sized presumptive germ
cells and determine if they do in fact give rise to the genital
_ primordiﬁm. For'fhis same'reason, Van der Woude (1954) and
Guilford (1958) were not able to determine if the cells

located within the genital prlmordlum were descendants of

the somatic or germ line cells.

ex se -to define the. germ

line cells is questlonable from ano aspect.. During the‘

carly stages of cercarial morphogene318wi"T;-' llata, that‘

is, when the germlnal ball 15 composed of about 1100 cells, B | ,

the proposed germ line cells are localized 1n the body region
in which the gland cells eventually develop._ Since both

cell ‘types contain large-sized nuclei the question arises as

‘.
!
to whether or not gland calls oriqinate frau either aomatic : ﬂ_ . I
or germ line cells and whethet gland cells may be confused i
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with germ line cells. Moreover, in the two largest germinal
balls measured microspectrophotometrically about 13% of

the large-sized nuclei were found to be polyploid. Cells
with polyploid nuclei could represent the precursors of

gland cells since: (a) high DNA contents are geregally

found in specialized cells of vertebrates.(Swift, 1850) and

. invertebrates (Fallieri et al., 1969; Sin and Pasternak,
1970; Marshall et al., 1973), (b) the number of large-sized,
polyploid nﬁclei parallels the number of gland cells reported

for the cercarlae of Trichobilharzia sp. (Talbot, 1956- Wu,

1953).' Nuclear volume has generally been observed to be
proportional to the quantity of nuclear DNA (Sparrow and
H1ksche, 1961; Laufer et al., 1967 Alfert and Das, 1969,
Schreiber et al., 1969). If a similar relationship also ..
applies to the nuclei in I..ocellata then the polyplolﬁ

nuclei originated from medium-sized nuclei., That is, the

large- -sized, polyploid nuclei represent somatic line cells

"which have- matured into gland cells.

. ‘. .

ﬁ . Exceptions to the concept of nuclear size:

belng directly proportional to the ploidy leve have heen .
‘noted (Schreiber and Angeletti 1940 Schrader and Leuchtenberger,
1950; Swift, 1950; Baetcho et 1

.y 1967).. Furthermore, 1n the.f

proliferating cells of T. ocellata cella entor into DNA

synthesis with at leqct*a two and one-half fold difference

in nuclear area and for ‘some cells the area obtained at the
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end of the G1 phase probably remains unchanged as the cells
pass through § and into G2,; In the ;bsence of a direct_
arelationship between nuclear volume and DNA content, cells
containing pol;ploid DNA contents would représent germ line
cells which have entered into the somatic cell line.

Chen (1937), Van der Woude (1954), Guilford (1558) and others
have also indicated that during cercarial development germ
line cells can apparently enter into the‘spmatic cell line
and become specialized into somatic cellﬁdgrivatives such

as the oral sucker or pharynx. t

Assuming that some‘cgllslcontaining large-sized nuclei

differentiate into somatic components then these cells are
not'true germ line cells as defined in the classical sense.

Thus, contrary to the germinal.linéage hypothesis germ line

- determination in T. ocellata may not originate with the first.

clcavage of the progenitor cell. Perhaps. cells‘wﬁich form n
the gen;tal primordium anise during later stages of cercarial'
- development, for example, in the cercarial larvae which :ra

at the tail-bud stage. o . o

- it is- dbvious that nuclear size is not aufficiont

evidence to accurately identify either the germ or soimatio

cell lines. In a similar context thera ia a controve

whether one _ or more cell linea exist during tha develop
. of the tapeworm prOglottid. Hikgren at al. (1967. 1971a, b)
_and Bolla and Roberts (1971)~suggest that the primary
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anlage is composed of a single cell line; whereas Douglas

(}1961la,b) proposes two inheritable cell lines. The need

arises to use additional criteria to distinguish germ line

» cells from somatic line cells. In many organisms distinctive
cytoplasmic features, for example RNA-rich gra?ules, appear

in the germ line cells (Chiquoine, 1953, 1954;[Ullmann, 1965; . ‘
Blackler, 1966; Wallace, 1968; Hubert, 1970a!b). The marked {
cells can then be traced up to the séage at which the gonads -
are formed. Such cytological markers were not observed in

the cells containing large-sized nuclei.of'developing

T. occllata cercariae.

Nuclei, which resemble the Blebs found in the

developing T. ocellata cercariaeohave also been observed in
numerous other species of digenétic trematodes. - Several
interpretations of the role of the Bleb during larval
development have been presented. Schubmann (1905) ,- Goldschmidt
{1905) and Tennent (1906) regarded the small intensely staining
bodies to be lipid material. According to. Brooks (1930)
carlier'workers:Q;d considered the Blebs to be either :
nucleoli, maturing snail eggs or artifacts such as airt or '
undissolved stain. woodhead (1931 1954 1957) considered the -7
Van der Woude (1954) and Guilford (1958). suggested that the |
Blebs were either pycnotic nuclei or represented the nuclei

of cells that had just completedla mitotic division.- Finally,&:;{;

-7
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Jordan and Byrd (1967) and Byrd and Maples (1969) did not
of for an explanation for the Blebs though they felt that
the Blebs played an important role in the developmental
cycle of trematodes.
Sinoe the ﬁlebs gave a positive Feulger rcaction
they must contain chromatin, that is, they are of a nuclear
origin. In the present study, Blebs are interpreted as
representing cells aththe mitosis—G1 transition point; this
is in agreement with the suggestLOn of Cable {(1934), Pieper ' :>
(1953}, Van der Woude {1954) and Guilford (1958) that Blebs
represent part of the tell cycle. It also seems reasonable-
to assume that the smali intensely staining bodies; seen in
>numcrous other species of digenetic trematodes, could ’

represent cells at the mitosis-G, transition. One justification .

for this assumption, in addition to the morphological J

sxmxlarity, stems from the fact that the descriptions of

the frequency and fate of the bodies follows a similar.

pattern during larval development as described for T. ocellata.:'
Cells in which the chromatin appeared as small

intensely staining bodies have, in part, been used as

cytological evidence by . Bednarz {1962) and Khalil and B

.Cable {1968) to suggest that reproduction in the larval stages;"

of trematodes is by diploid parthenogeneais._ Tgp following o

considerations cast considerable doubt . o& apprging this "

I-\A 7 I

theory to developing T. ocellata_cetcariae.

.
St .
N e
-




105. {

The cells regarded as polar bodies by Bednarz and
obgonia by Khalil and Cable are similar in size and
appecarance to what have been here interpreted as cells at
a late stage of mitosis. The descriptions presented by
Bednarz to account for polar body resorption and by Khalil
and Cable to account for the odgonia transforming into
obcytes parallel the stages cells pass through in going from
mitosis to G,. Khalil and Cable 1ndlcated that the cells
vere capable of DNA.synthesxs and prollferatlon, as evidenced
Ly their. finding of labelled cells"four to six hours after
an;exposure to 3H-TdR. An analysis of the photometric
lfridata, rn the=prosent study ,- revealed that in the developing
:'cercarlal germ;nal balls, the“Blebs have a constant DNA
contént and were 2C. ‘ﬂabelled Blebs were observed in the

2]

present studyas early as £ive hours after exposing the

cercarial larvae tol/H-TdR. However, labelled Blebe were
never observed at one and three hours.. Khalil and Cable )
(1968) and Khalil. (1968) -did | t indicate whether oogonia ‘v
or other nuclear typgg 1abe11ed prior to four hours.

~ As support for their view that the Blebs represent
cither polar bodies or obgonia,. these workers described what
appeared ‘to be tetrads at metaphase. The diploid chromosome
nurber was estimated to be 12 to 14 for T. ocellata: these
values compare with the number preeent in the somatic tinsues.fl

of closely related species (Short, 1952a,b, 1955, 1957:

b
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short and Menzel, 1959, 1960). In all dividing cells
examined during the course of the present investigation
stages of meiosis, including the appearance of a tetrad-
showing 6 to 7 chromosomes, were never observed.

In the absence of any cytological evidernce, Szidat ‘ -
(1962), James (1964}, Cable (1965), James and Cable (1965)
and:dames and'Bowers {(1967b) have also suégested that during
larval development, the mode of reproductlon is best
regarded as a form of parthenogene51s of the -type Suomalainen
-41950) defined as apomictic or diploid parthenogenesis.
léuoﬁalainen lists the study by Cary (1909) on the germ

cell cycle of Megalodiscus temperatus as one parasitic system

which clearly demonstrates this form of reprbduction.

M. tcmperatus is the same species of trematode that

van der Woude later studied in detail (van der Woude, 1951,

1954) . She did not regard the small intensely staining

bodies as 1epresent1ng the products of any meiotic division

by rather, as previously discussed, as repredenting newly

formed daughter cells arising after a mitotic divismon.

In addition, Van der woude was unable to find within the

larval stages, cells in which the chromatic material resembled

thc meiotic chromosomes as described’during adult. gamatoganesis.
" Since meiotic reproduction does noe occur during

T ocellata larval development the question still remaiﬂh-

uhat-ls the process of reproduction? Presently, a number .

L4
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of investigators (Brooks,‘1930; Cable, 1934; Rees, 1940;
Cort et al., 1948. 1954; Pieper, 1953; Cirordia, 1956;
Guilford, 1958) have interpreted the mitotic reproduction

of the progenitive co

ents as representing a form
of polyembryony. Opjections to the use of this tuerm were
raised in the IN®HODUCTION. Moreover, the lack of any
clear cvidence to indicate a continuous germ cell lineage
throughout cercarial morphogen251s have been discussed.
At present, therefore, it is concluded that dufing T. ocellata
cercarial development all proliferatiog‘cells divide mitotically
and reproduction during larval development of the cercariae,
and perhaps forlthe_othor|stages as well, can be regarded
simply as an asexual proceés. .

In.addition tousugh standard techniques as

determining the MI and LIschanges in the frequency of each -

nuclear morphology class can be used to characterize the,
phases of the cell cycle within the prollferating cell
populotion‘of developing g.looollata cerca:ioe. 'puring
cercarial developmen£ the MI, Li‘and the roiative ffoqucncies :
of the S.D. (G)1 M.M. (S)3 M.D. {6y L.L. (G-S)3 and ' '.
L.M. (5~G ) nuclear classes decreased whereas the !requency

of the M.L. (G, } class increased In theory, if a cell
population of proliferating cells is homogeneons for cell
cycle parameters the number of cells in. any one phase of the
cycle is proportional to the»duxatlon of that phase telative :

. 3 - .
- .
- - e
-

v
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to the duration of the complete cell cycle (ngétler
snd Sherman, 1959). Since the relative 'frequencies of |,
cells in mitosis, S and G2 decreased in germinal balls
of 1ncrea51ng total cell number, then the relatlve durations
of these phases ‘much also have decreased ln a sxmmlar
fashlon- The estlmates of relative duration may differ, however,
from the actual duration of each phase if (a) .during the growth
of the cercarial larvae eithér the absolﬁte durations of
these phases shortened*or total cycle time 1ncreased
and (b) the devoloplnglgermlnal balls accumulate non-
dividirg cells. | -

Partial evidence that‘the absolute duration of each
phase and total ‘cycle time of the proliferé&;ng cells

renained constant durlng cercarial development was obtained

‘from 2 an apalysis of the PLH data., The average tlme it takes

prol1ferat1ng cells to pass through the 62 phase plus one-

half of(tﬁefmitot;c phase‘was about four hours'-A minimum o
estimaté of G2 phase was three hours. Since these two'_ : T':'
estimates dlffer by only one hour in all éizes o- germinal . ;g
balls examined it 15 concluded that the average duration of

G, did not vary at different stages. of” oercarial development.

2
Many of the germinal balls examined at the seven hour fixatlon

had PLM values approaching lﬂﬁfwhich also,indicates that

there is little variability in the duration of G2 or o .

mitosis. o g -

LI
a
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The available cvidence supports the suggestion

- -
- . r

tﬁat the apparent relative'durations of the S, G2 and

mitotic phases in the cell cycle of prollferatlng cells are
1
less than the actual relatlve durations since non- d1v1d1ng

CGO) cells are lndlstlngulshable from dividing ceils, and :
since the non-dividing cells tend to increase the number..
of cells scored. Further the apparent relative duration
of Gy increases since tﬁe non—proliferating ce;ls are held'

< -
. - . (] 3 ’ ! tom g/
in this phase. The increase in the fraction of nuclei \\“\

. Y ) ; Q" q . T—‘-—-._:_
appearing as the M.L. (G,) type indicates that this class

bl

of interphase nuclei probably represents'nop:dividiug (Goi’
cells.. If this suggesthn is correct, it would in turn /// A
inply that all M.L. nuclel-are non-prollferative. The |
evxdence lndicates that‘the morphologlcalasequence a .
proilferatxng cell passes through in the Gy phases is.
.S\D + M.L. - L.L. or M. M. Thus at-ieast in the small-f

germ1nal balls, M.L. nuclei are found in prollfetating

.cells.- Alternatxvelv, the M. L. class of nﬁclei may 'f : A~e“
1nclude éyo physmologically diﬁferent types, one- type

-that is proleeratlve and another that.is non—prc&iferative..-
Thcse two-physiologically different types of nuc&ei may 31'; R

o -
always be present and during develbpmeng_an 1ncrqasing e

--r-f

L o
prpportion may appear as,the la -

sype. " Y
Prior to the ‘750-celled %&1 the abaolute number _ P

J )

of cells appearxng in. each phase of the cycle 1ncreased.,

¢ .

hY
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Between the 750 and 1100-celled stage the number of cells
appearing in §, G, and mitosis decreased. These results
indicate that the proliferative conditions found in balls
consicsting of 750 or fewer cells was apparently replaced by ,
a non-proliferative condition in the larger germinal balls.
Cells which were no longer cycling appeared as the M.L.
nonrproliferative type,usince the absolute number of M.L. \ Co
cells continued to increase. The switch does not affect |
all cells at thé same time. Some cells continue to
proliferate up to the'1800—1900.ce11 stage but as cell
umber\increases the frequency of proliferative cells falls.
lhe 1ema1ning proliferating fraction of\wglas with M. L.S
nuclei would probably contribute to this increase in growth.

Studies on development in a wide variety of organisms haVe

revealed thdt a minimum number of cells is necessary before

diffcrentiation can proceed (Brien, 1937, Huchmore, 1957;
Grobstein, 1959 Holt%reter, 1965. Barth and Barth, 1968-:
Deuchar, 1969, 1970). Inasmuch as a dramatic drop in the
numbers of proliﬁerating cells was first recorded in the - (,
750~ celled germinal balls, 750 cells probably represents

the critical mass size which mnst be attained before

.
¥ 1

differentiation is initiaéed.
For many species of digenetic trematodes, the -
appearance of the tail—bud 'is used to mark the beginningx

of cellular differentiation (Brooks, 1930;- Maldonado and
q:l-

t s !
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Malienzo, 1947; Van der Woude, 1954; Cheng, 1960; Cheng

and James, 1960; Cheng and Bier, 1972j. .In T. oéellata
the‘tail—bud was_first observed in the éerminal balls |
composed of about 1100 cells. Histological studies

revealed that beginning with the appearance of a tail-bud
subsequent cercarial development is characterized by extensive
increases in the amount of cytoplasm surrpundlng many of

the cells. These cells probagly represent non-d1v1d1ng

cells that are engaged 1n "the synthesis of cytoplasmic
components which are gecessary for the cells ‘to acqulre
spec1allzed features characteristic of a differentiated

cell. For cxample, Cheng and Snyder (1962a b), Cheng (1964) ,

o ~

James and Bowers (1967a). and others have demonstrated that

carbohydrates and lipids are metabolized and deposited

cells during cercarial morphogenesis beginning at about

»

. . L &
the stage when the tail-bud first/ appears. Further

investigations:will'bedrequired to determine the patterns -
.of RNA and prdtein syathesis to examinegthe.temporal patterns
of cell division DNA,'RNA and ﬁrotein eﬁnthesis_during”

cytodifferentlation of T. ocellata cercariae."‘

Accurate estimates- fOr p ase durations and total
"cycie time of a proliferatlng p ulation of cells are
normally derived from a PLH curve.. A system in which the _
cells are partially synchronous aLd continue to label reatrtcts

the constructton of a complete PLM curve. " From partial
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;
Jx‘ a£
curves, however, estimates for the absolute duration of

»

G, + M/2 lasting about four hours were obtained. “These
cstimates, in turn, were used to convert the photometric
data into phase durations. For germinal ball&%@onsisting

. G ‘
of 513 or fewer cells the following estimates ﬁgfe obtained:
o lasts 15.2 hours, in which tél lasts 5.6 hours, tg
hours, t62'3.2 honrs and ty 1.6 hours. In the two largest

4.8

"

germinal balls examined, the average estimates for t. and

ta lasting 29.9 and 19.4 hours respectivély: were
l .y ¢ .
approximately two to three times the values obtained for

the smaller larvae. Inasmuch!as the durations of the
remaining phases remained unchanged, i.e. ts lasts 5.6 hours,

te 3.4 hours, t, 1.5 hours, and these large germinal balls
2 : ‘ - .

were at a stage of cercarial development when some cells

have swltched to become non-diﬁiders,‘the duration of the
G,y phase alsq remai unchanged for the remain S ‘.
proliferating cells. Thus the duration of . tc prob;~ky
remains constant througn?ut cercarial deVelopment.

° Numerous 1nve8tigations haVe rqvealéd that factors R
such as temperature, size and aga of thn snail host, . . -
avallabxllty of- nutrzents influence the rate of cercarial fﬁ.
development (Cort et al., 1944 1955: Kendall, 1949 Evans‘
and Stirewalt, 1951 Pieper, 1953: Cheng and Snyder, 1962;.
Dinnik and Dinnik, \1964: Lim and Lie, 1“69: qulacker and }

Olsen, lQ?Oa,b) For example, Pieper (1953) found: that with

~
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an increase in the water temperature from 21-24°C to 24-28°C,
the time delay between miracidial infection and cercarial
emcrgencé from the snail host, was réduced from 55 to 21
days. The manper in which these factors influence the rates
of cercarial development, for example, in terms of possible
changes in the durations of the cell cycle phases described

above, has yet to be determined.

“,
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SUMMARY

variations in the morphology of intefphase nuclei
have been correlated with the cell's position in
inuerphase.

The relative durations ef s, G2 and mitosis decrease

with progressive differentiation of T. ocellata .
cercariae. The relative duration of G, increases

with progressive development. R ' 'ﬁé‘
During cercarial develqpment, the‘absolute numbers
of cells appearing in all phases'ef the cycle
increased until. the ?So—celled steée is. reached.
Thereafter cells continue to accumulate in‘the Gy

phase while the numbers of cells in S Gy and mitosis

decrease. These changes mav be due to the. accumulation
of. non-d1v1d1ng, ;C nuclel. -

Beginning at -about llOO-celled stage, which represents (ﬁ
approxlmately one—half the total number of cells found 3 (:#,
in a mature cercarlae, many of the cells acquira large ’

amounts of cytoplasm. Accumulation of cytoplasm |

together with the accumulation of non-dividing cells

indicate that many ofitbe cells whxch cease to

proliferate are'differentiating.

)
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The estimated values of the cell cycle parameters in

qE:floping T. ocellata cercariae are:

A - tC = 15.2 hours
tGl = 5.6 hours
tg = 4.8 hours
tG2 = 3.2 hours
ty = 1.6 hours

The cytological evidence revealeg that all cell
divisione are mitotic and taken together with the
ocbserved varlatlons in nuclear morphology support

the conclusmon that only asexual reproduction occurs
througlhout all stages of T. ocellata cercarxal-
development. A similax mode of reproduction probably
occurs for all other larval stages of T. ocellata, and‘“

during larval development in numerous other species

of_digenetlc trematodee;“/y/

[
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~ -Expected Values: fumber of mitotic nucled 5

APRENDIX I T
A germinal mass consisting of N totdl cells was

scorad and the frequency of mitotic nuclei was A (observed
LY
value). If a second germ1nal mass of s;mllar size fiad

1
1

been sampled what méximum value would its mitotic frequency,
B (assumed value), have and stlll be con51dered to have

bePn sampled i;om ‘the same pOpulatlon as- the flrst, i. q.,

.om -

Mitbais, ‘ Interphase - ?dtél Y

) Sampie Lo.“I, o o *-“_f." B ;f' 'F': o
(obberved) T . A L N Ao ,_;N
Sample No./ IIf g N’EHBfii: : -;ﬁ .
(assumed) S : . L : : o

. “_Total e 'fa'ila"'ﬁ-guf-_g,-fai 2N

o -4 '(observeé value; - éxpétted valuei)g
chi Sguare = L. — 2 - .
o B expected value,

i . . . .
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-
. - LA _ v .
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i
LY

.humbér“éf;ipterphaéetggélei ‘ 5
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At the 95% confidence intérval, with one degree of freedom
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A
\ (A - ¢ ;B)]2 3 - (ALt By,2
Therefore x° = C = N 5 .
A+ B A +°B
() (23—
(e A - (BRR B) 2
+
2 - A - B - .
( 5 )
s ' 2N - A - B
(= )
-~ [ 1’;
Solv1ng the equatz.on for B._. o < : -
' 5 N . . . . ) . i - .
B2 (2N + C) + B[ 2(AC - NC - 2AN)] + A(Ac -—ZNC + 2AN) =0
. - - . - . — ‘.‘ . _‘_ - — ‘- .A',!‘.L-
\l‘herefore B 2“‘" NC - 2AN) = 4"N13§A§cl §A+_G.NJ+CT IN(RC-NC=2ANIT
o B . '-' .. . . . ‘_ .. R .. ‘. :"".‘ ‘ . . ‘ | ,‘x‘
B can hav’é two valm, these values corres'pond to thef"" .
max:.mum and mlnlmum range llmits. ‘ | . g




APPENDIX II

7. Graphical Analysis of a Theoretical Distribution
* [

-

A histogram has been constructed tor the frequency
of 50 values derired from a theoretically-perfect Gaussian
'distribution (Fig. 35). ~The data can be transformed into
a probabilrty plot by ranking the . 1ndiv1dua1 values’ and
plotting these values as cumulative percentages. For
examplo, at the DOint'x 16% of the sample is less than
15 units, i.e. there are l + 3+ 4 =28 or 16% of the 50
values smaller than 15 units. When all the data is f-FT'

|
plotted their values lie on a straight line. This line

‘ represents a normal distribution ‘whose mean corresponds to ‘F;'
the point M cutting the hofizontal at 50%, i e.-20 unit8a

.'The standard devxation 'is estimated ‘from the porﬁts which
are cut off the straight line by the horizontals for 2 5%

.and 97 5% respectiVely.- The values 10.5 ‘and 29 5 represent <

95% of the total data or +2 standard devrations about-the

\ ‘mean. Since the straight line represents a Gaussian .
' continuous distributibn, 1t is - posszble -to transform this L

o straight 1ine into a unimodal curve which best £its the

foriginal data presented in the histogram, _$he height-oﬁ, SR

%
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the Gaussian distribution, at successive intervals is
derived from the equation %? 3 (SD) where N = total
number of values in the samble; k = intexval of the
histogram; ¢ = standard deviation of the sample; and N
¢(SD) is the height of the normal distribution at
successive intersals. Successive intervals are
calculated by adding or subtracting, from tﬁe"mean of the
sanple, measurements of 0.5 fthe‘estimatcd sample standard
deviation)l

A

Y
14

B. Graphical'hnalysis ofrThree-Overlapﬁing Theoretical

Distributions:

A *

- . . B - . " T N . o ‘
T - N - P = ' . \
-

A hlstogram consistxng of two Gausslan distrlbutions
separated hy a. thlrd, a square d%strlbution,‘has been plotted
! (Flg. 3&). Tge first Gaussran distribution consisted of
| "50 socres obtalned from an - idealized normal distributlon with ': -
- a mean and standard deviation of 20 and 4 75.. The second
oonsisted of 30 scores w1th a\Tean of 40 and standard o
.o deviatlon oﬁaS 0.: Overlapping each distribution are an -
o additlonal 20 scores representing a, square distributlon.“';.
j'7 "', The 100 scores can be transformeﬂxlntOfa probabllity
ﬁiot.ﬁThe points do not faIl)on a straight 1ine but on an.
“S%shaped-curVe, The. poxnts of 1nflect;on were. used ast‘_' o -

- 'f.
P S _9
L .
‘o L. . . 3 .
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estimates to segregate the scores into subpopulations.
mhe first point of inflection occurred at 40%.

nccordingly, the data was partitioned to include the

first 40 values. Their petcentage values were re- -
calculated using the eguation P, = giié_i ¥ 100.
X - ith ranked data value.. i
i = rank.
$Px.= percentile of the ith data value.
N l= subpopulation size. |
These values gave a curve ‘AB (Fig. 36). Similarly,

-

partitioning of the data to include the first 50 and
60¢ of the total.data'yielded curves .CDh and EF. The best
fit, in terms of a straight line, was obtained from the g

plot consisting of 50 scores. This is the. best estimate‘

- for the size of this first subpopulation. The points ; T

'begin to deViate from a straight ‘1ine at 90% resulting ;-j o

from the overlap of. the adjacent subpopulatioﬁ.; The '

| . '
H oL
-

_ straight line can be extended and from it estimates are

“, derchd ‘for the subpopulation S mean and standard d Viation,f

The estimates obtained were 20 and 4. 75 respecti?ely.:_‘
A Similar partitioning of the top 20 30 and 40% of. the

data,yielded curves GH, IJ and KL.j From the straight line,;

[y

derived from Z&? of the data, the estimates for this

_second subpop Ftion s mean and standaxd deViation were AOf\;

e
el ‘-—_ ', - E

and 5. .0 respecti%ely.

4 : - oo S - -, . A
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The twenty percent of the data which is not included
in either estimate constitutes the third subpopulation.
Parameters of this population could be derived; but in
the application of graphical method to the analysis of
photometric data it is impossible to determine the type of
distribution(s) contained within this portion of the data.

A comparison of the estimates derived from the
graphical analysis technique with the original values used
to éenerate the data are in exact agreement. It is
therefore possible to use the probébilipy plot as a means
to derive estimates for the size, mean and standard

deviations of 2C:and 4C subpopulations.

/-: 3




FIGURE 35

Illustration of the graphical analysis technique.
From a theoretically perfect Gépssian distribution
50 scores were selected and plotted as percent
cumulative frequency fupper figure), and as a
frequency distributiéﬂ (lower figure). The area
under the Gaussiaﬁ distribution represents the
distribution of the 50 scorés.

X - point at which 15§ of the scores are

less than 15 units.

M - mean. ’
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FIGURE 36
Illustration of the graphical analysis technique.
From two theoretically perfect Gaussian distributtbns
separated by a square distribution, 100 scores

were selected and plotted_gs percent cuﬁﬁiative-
frequency (upper figure) and as a frequengy
distribution (lower figure). The areas under the
two Gaussian distributions and under the square

distribution represent the values contained within,

the original data. See text for further details.
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-APPENDIX ITII
. y

te + M/2

Since 2 { is proportional to number of ceXfls in G. + M/2

2
tC 5 . -\Gotal number of cells

-

and tG + M/2 = 4.1 hours (Table VI) .
2 . ‘

and fraction of cells in G, + M/2 = 22:0.23:4/2 _ 4 397 (Table vIIN

N » . . 4.- 1 . 0 ! .
therefore t. % 5557 X '13.8 hours.

Each phase.-of the cell cycle can be'expresséd ina M

similar fashion,ge.g.

.‘ fo

A

Since t; /t is proportional to fraction of cells in Gl

Al

) and t % 13. 8 hours { > L :'u'

and fraction of cells in G1 I&% fi 0.47 ()able VIII)

therefore te. R " 0 47 x.13 B % 5 5 hours.‘ '-{ o 1-'
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