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Introduction.

genetical investigationa in ferns have peen comp -
aratively few in the paset, une only comprenensive work having
p2an that carried out by Andersson-Xotte (19%38)., She waga
able to demcnetrate mendelian segrecation and recombination in

Polyszachum angulare 2nd Phyllitie Scolonendrium and alsc the

genetic control of chloranlast characters in theses two plante

ag well as in Adizntum cunsatum and Lastrea atrata. Lanz (193)

firet found mendelizn sezregation in ferns from naturally

ccourring heterczygotes of Phyllitis Scolopendrium and the

- g o e

extent to which hvoridisation takea placse in fernz hag deen
clearly shown by %the oytoiogical studies of yanton (1950),

Nf great advaniage in génetical studies in
ferns ie the fact tanatv tine independent gamstopnytic phase of
the life—cyecle ia comcaratively well deveéloped and may be
vegetatively propagated indefinitely. 1t is possible to
establieh clones of prothalli by regeneration from cuttings
(present work) and large numbers cf zuch genetically identical
individuals have oeen produced and have constituted 2 valuable
t00l in subseguent investigationa. The main disadvantage for
genetic inveatigatione in ferns lies in tne difficulty of
growing young sporophytee which may take'upwarda of two vears
befors sporulating

Then the present work was undersvaken, the

aim wag t0 explore the possi®ilities of genetical analyss in

Pteridium aqullinun \pracken). A search was starteda in tne
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ileld for sporophytes snowing morphological variation of a
possivle genstic origin. In tne lavoratory it was propoased
t0 study gametophytes in the hope of finding genetic variav-
ion in morphologiecal and nutritional properties. Prelim-
inary work on tne breeding mechaniem however, indicated the

presence of incomeati®ility and supseguent work was concern

2d mogtly wivn a detailed investigation of this phenomenon.
ihe discovery of gelf-incompatibility in

P. aguilinum is the firet example of tnis situation in

pteridophytes. It is also the first example of incompatib~

ility at the gametophyte level in any vasocular plant.




2.
PART T
1. Material and cultural wmethoia.
gpore eamﬁlea were coliected from different populations of
bracken. Of the populations eamplied, one differed morpholog-
ically from the cthers in thnat the apices of the pinnae
tended to branch giving rise o the so-called tcregtail form
common in cultivated ferna. .1his form, somewhat rare in
bracken, was listeu oy moore as r. aguilinum var, cristata
and is illustrated in roweig Our wnative Ferng® (1887),
Also gporeg of this variety were very much darker in colour
than those of the other populatiosme, a2 difference apparent
poth in the mass and under the microscope. .nesge differences
wers conatant over a period of three ysars. vhe location of
the crested variety iasa at Mugdockbank near Milngavie,
Dumbartonshire.

Vulture of prothzlli wase carried out in
petri-dishes in davlight on an agar medium containing
gtandard Knop's golution. Where it was heoesaary to control
the number of apores platea in eacn petri-diah, the density
of apore suspensions was estimated rrom haemocytomeser
counts and tne appropriate volume of suspension adaed in
each casge. 1he amount of contaminent micrcorganisme in these
cultures varied greatly, the moat trouvlesome heing unicell-
ular algae. It was possiple to geuv rid of most contaminmnta

oy incubating a spore suspensicn overnizht in sterilised

-~
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dietilled water at 24 C., bracken spores being unaffected
by this treatment.
wermination of oracken spores was gener-

ally of the oxder of 70%.

B+ Sterile culture of procthaliie.

10 invegtigate the pec2eibdle occurrence in nature of non-
autotrophic strains, it was neceasary to grow prothalll
under aterile conditionm. <the development of atarile
techniguee wag 2le0 undertaken with a view towards the prod-
uction of nutritional mutante among nrothalll by trzatment
of apores with mutagenic agenta, the whole process being
gimilar to that carried out in micriorzaniena.

Varidua matnods_cf aterilising apores were
tried out, the most suitable “eing 2 medified version of

that used py Knudeon (1940) for anores of Polypodium

aureum. A spor2 guapension in sterilisea distillea water
was incubated overnizht at <4°C. ihe spores wers then
centrifuged and the gupernatant decanted. L0 the apore=a waaq
added lmi. of 2 17 bleaching powder solution freshly made
up and filtered. After one minute the chlorine constituent
was inactivated by addition of 2 dron of a weak potassium
iodide golution. 71he gpores Were then immediately taken up
in a pipette and tranaferred to aterilisged distiiled water.
1he viability of treavea spores was 405 or thereaboutss,

and the germinatjon period was increasea from 3-4 daya to

5-7 dave. Subsecusnt growth of prothalli in gterile culture
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waa nermal in enore ssrmles from twe populations (sne

from Ballochrazzan near Wirlinc, the otner yrom Killasrn
near Loch womond), but with sporea from the created
population, although germination ook place tnere’waa no -
gubgeguent growth ¢f germ-tuben neyond a two or three—
cellsd condition in uncontaminated petri=disnes. 1if,
aowsver, these nlates were iuoculsted with any one of a
aumber of fungi or bnacteria, further growtn of germ-tubnes
proceeded and gave rise to protnalli aqune region of
contamination.

On the assumtion that a substancelor
gupetances ) not vreseni in Knopla agar was requirea by the
prothalli of tune creetea populaition and was supplied by the
contaminantg, an attemp, was made TO Zrow the prothalli on
é contaminant<free medium supnlemented by a variety of growstsn
factors, singly and in combdinations, Vitamiﬁa, dextroae,
hydroiiged casgein, hydrolised ribo- and deadxyribonucleic
acid, yzast extract and [eitz-filtered exvracts of contamin-
ated media were tried out. Esperiments were sleo carried
dut in which €02 tz2neion and pH were varied but in no cage
were prothalli cof the crested populaivion able to grow in
the absence of microorganiems .

microscopic examination of tne deliverate.y
contaminated plates snowed that, as a filamentouvs funcue
such ag Peniciliiun or Asperzillue epread siowly acroese thse

Agar, the germ-tubsa continued their growtn only after the
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hyphzl tipe had reached them. If 2 npi2ce of agar ware cut
out before any hyphae had reached it and Xept aterile in o
separate diah, then germ-tuves on tnis ager did not dsvelop
into prothalli out remained in the two or three-celled
gondition.

_Une particular fungus was found (an Actino-
mycete) which was insffective in enabdling the prothalli to
grow but this was a single exception and all other contam-

inants uged, whether fungal, bacterizl or algal were

effective.

viscuasion.

In thieg investigation of the nutritional
reguirements of rrothalll of the crested population, the
evidence guggests that the contaminant microorganiems
supply the prothalli with a aubatance (or substances) which
is very unstable and which must ve tvaken up as soon as
produced. Diffusion of tne hypothetical substance acrogs
the agar doea not take place, the stimulating effect on the
prothzlli being apparent only in those areas in which the
contaminant is growing.

Strains of prothalii requiring this
type of nutriticnal zssociation with microorganieme may L2
wid2apread in bracken and nteridophytes g2nerslsy aince in

nature tners would »2 no saslezction against thie condition,

microorganisme veing abundant in moet soils. In ecologic

A))
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gtudies these findings have aome giznificance.

morel-Py (1950) found abnormal growhth of
fern prothalli in atvariie culture snd showed tnat normal
growth was restored oy addition of glucoese to the medium.

Prothalli of Ommunda cinamomes cultured

under sterile conditions (Morel and Wetmore, 1951) gave
rise to undifferentiated :calivae’ outgrowths which, when
detached required a mediummsupplemented by vitamine of the

Bl cdﬁplex.
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5. Morpholozical variation in the prothallus.

Accounts of the development from the gpore to
the typiocal heart-ghaped prothalius are civsen in the
literature for many ferns and by Orth (1936) and Conway
(1949) for bracken. 1rhe development of an apical meristem
in the young prothalius is a neceassary preliminary to the
production of the famale reproductive organ, the archezonium.
7he meristematic cells in the aplcal notch alone are capable
of division in the vertical plane tc give rise %0 a tcughion!
of tissue in which the archegonia arise. In bracken, the
male organs (antheridia) develcp simultansously with the
archegonia 80 that sperm and egg are mature at the same time
on one prothallus (Fig.lp). If a meristem does not develop,
the prothallus remains a plate of celis and growth is
generally arrestad at the 20-30 cell stage. numerous anther-
idia are produced on this amsristic prothallus but no
archegonia form (Fig.l3). Thus with the amerietic and the
meristic prothallug ie associated maleness on the one hand
and the hermaphrodite condition on the other.

rthe occurrence of vne small male form was
of relatively high frequency in all cultures (Fig.3) and
higheat in those cultures where there was a very denss
gowing of spores.

20 of thees small malea wers traneplanted

to freeh medium and kept under observation ana it was found



Fig.i - A. Meristic, cordate prothalius with antheridia }
(8) and archegonia (%). |

B. Amerietic prothallus with snbtheridis only.
d, antheridium dehiscing.
Both x30.



iw Ifi Vi

=8
3



Fig.2 Photomicrograph of a young prothallial culture
' on agar showing ameristic malee and msristic
forms . x80. |
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that all eventually gave rige to the meristic form and
produced archegonia (Fig.3). In this experiment prothalli
were of the crestad population.

in another experiment in which gporesg of the
Xillearn popudiation (K) were used, single gporee were picked
up from a dilute sugpension by means of a finely drawn-out
pipette and single-gpore cuditures sst up. Developing
prothalii then had presumadbly, optimai conditions for growtn,
vhe object in mind being to see if small males would develop
under such conditiona. 7This 2Xperiment was carried out in
sterile and non-gsterile culture and the results are rscorded

in table 1.

yahle 1.

incidence of mal2 prothalli in single-spore

culturee of population X.

Cultural | no.0f epores| NO.Which NO +OF w0 +0f |
conditiong| isolated germinated| hermaphrodite male
vrothalil prothall
sterile 40 31 | ao 13
Non-
sterile 40 38 31 15

1heae dats for one populathon show the
incidence of the amerietic male form to pe of the order of

407 voth in eterile and non-gterile dishes.



Fig.3 Proliferation of marginal celle of small male

to give cordate forms. x20.
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1the ineidence of maleg under various cuitural
conditioneg is ziven in table 2, again using spores of

population X.

table 2.
Incidence of male prothalil under different

cultural conditions (population K).

w0 .0of sporss| Cultural NG .of no.cf Incidence
- per conditions|prothalli| mals of
petri<dish exanined|prothalli maleg
Sterile v8 o5 664,
3,000
Non-
gterile 85 52 o0
Qterils b0 7?7 544
1,000
Non— '
gterile 100 32 a8
Sterile 83 , 30 374,
500 ‘
son-
aterile 90 19 227

It can be seen that the incidence varies
congiderably, the lowesgt peing 327 in a non-sterile culture

with 500 spores per petri=disn.

Discussion.
Maleness and femalenegs in the prothalli of

homogporous ferns was the subject of much investigation by

early botaniste. Strasburger (1873), Bauke (1873), Jonkman



(1877) and Xny (1880) among others, expresssd the opinion
that there was a tendency to dioeciem. miheir conclusions
may have peen biased in an attempt to sgtanliisn a iink
petween homoaporous and heterosporous ferne tor which tnere
wags expectation at the time. Prantl (1881) disagreed witn
these authors and held that the occurrence of the amerietic
male was due entirely to cultural conditions and that if
vhe correct cultural conditions could be get up this form
of prothallug would never arise. nowever, he himself was
unable to find esuch ideal conditions and alwaye had small
males in hig cultursa.

yumerous workers have collected
information as to the influsnce of external conditions on
the development and form of the fern prothaisius. Prantl
(1881) has shown that the development of t.e protnallus may
e arregted at the stage of a cell plave without merisvem
by cultivation on a substratum devoid of nitratss. A
gimitar result wag obtzined oy growing protnalil under

-

conditions of reduced lisht iuteausiey (Mehra, 1Sls; “tephan
Lge2)e From guch investigations it appears tuai cacu
growth form, in tne preeence of an adeguate supply cf
wzter and oxyzen, is the resudy of vus iuveiaction of 2
nuwder of factors cf which the most significant ars the

quantitative and qualitative nature of tue light, the supply

of mineral salte and temperature. 1ne nature of Tie



25,

mechanism intervening betwesn the etimilating factore and
the regponse is, however, entirely unknown.
In the present work an attempt has peen
made to determine whether or not the differeunr eud products
(nerigtic versus ameristie) correepend to a difierence in
the intervening mecnsniem (the action of tne genep) or to
differences in tne stimulating factors (the environment).
vrom tne resulte of the experiments deserim-
ed it is obvious that the prodlem is a complex one and
would require mucn more extensive treatment than it bas peen
given here. It coudd ve vus Cape tnat genetic factore contral
the time laz in the development of o merisgtem, the penetrance
of tnese facivors veing raisea oy conditions of growth
other than optimal. 10 test tnis nypothesis, exXperiments
along the folliowing linee mizht pe carried out.
Isoistea male protoaill aives proliferation
and the esvablishment of the hermephrodite condition,
would pe gelfted. ‘rhe spnoronhytes ao produced would he

homozygous for all genea and tne aporss they produced would

D

-

all be geneticaliy identical. vhis proceedure with mal

protnalli would also be carried out with meristic prothalils
and ldentical eporeg obtained 1. taie Cage 2leo.

In sXperiments veing homegensecus spores,
variability would be due 10 Tue environment and could not

pe attributed to genetic differences in tne provnalil.
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In this way = comparison could be made between %the
variation in culitures in whivn homcgeneousg @pores were
used and thoge using heterogensous gporzs. Anyv differznceas
vetween tne vwo would »e prepumszbdly, of genetic origin.
1% would aiso be pospivie in tnle Way t0 estimate the
penetrance of the hypothetical factor conbtroliliing the
produetion of a merisvem.

whatever the mechaniem controlliing the
production of & merisvem, 1n navure the occurrence of thegs
naieg would engure an aaequate supply of sperms at alil
timeg. thie 1e imporvant in view of tne fact that prothaliii
produce reiativeliy few arcnegoila id;heir iifetine.

1t ip of interest in this connection to

note thav recent invesvigsavioune of Calan {(discussed by watner,

1949) show a genetic control of a protandrous condition

in the cucurbitous plant Ecballium.

P T
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4. Summary.

Spores were coliectea from different populations of
bracken, one of the populations bveing a 'cregted!?
variety.

Technigques for tne sterile and non-gseriie cuiture of
pronnailinave been developed.

Prothaiii of ue Ciszsvsu population were unable to grow
in sterile culture and media had to »e inoculaved with
microorgaulsmg 10r growun vo vake piace. Medls ware
supplemented with a varieuvy OI giowuia sudgvances in an
gttempt to find out the growsti recquirements of vtae
provuassr dut without succCegs. 1T Wasg Couvildeu wuab

a labile substance (or substances) was liberated by the
microorzanisme and taken up by the prothalli therevy
enabling tnem tO0 grow.

iwo formg of prothelli, one witn and oue wiinout a
merisvem, were of coug.Laut occurience in all cultures
and under a wide variety of cuditural conditions.
Amerigtic prothnalli (which developed only males organs)
eventually bscame meristic after a period of cultivation
and it 1s posesible that tne difference in time in the

development of a merigtem is geneticaliy controtiied.
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rhe movements of espermatozos of bracken.

ihe movements of spermatozos in.wae vicinity of
mature arcnegoula were 1uvesitlgaveu lu s0me devall 1in
connection wivu wue fervilisation svudisze described later.
ihe parsicular puobiem O WiISTLSr eperms ar#chemovacnioal;y
atiracted 10 masure arcnegoeniz rormea part of vaie
10Vestigasion ana vihe tecmmigues employed ana tae results
obtained in tuis parv of vue work formed voe Dasis Of &
paper uow in co€ prees (EXperimensal Ceil Ressarch) ana of

whicn vne following is A COPY.
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“hbe novements of Spermatozoa of sSracken {Pusridium

aduilinun).

.ue assumptionm haag been made repeatedly in tae
literature that fern spermatozoa are chemotactiocaldy
atvragued vo masure remale organs (arcnegonia) since
(2) sperms in a suspension are seen to accumulate around
the necks of mature ascoegonia; (b) eperms are atuvsacted
by ¢ertain oxganicC substances; particularly malic acid ag
shown by rretfer (o), orucamanu (1), rothechild (7) and
others and (cy most text pookes (e.g. Fritech and selisbury
(4)) make vue s.atement toat some of Tnese substances are
pregent in archegenia. A tnorough search of the iiteraturs
has provided no clue ag w0 waere wuls svatement origianatsd.

»ne archegoniunm of bracken consists of a
ventral pertion embedded in tue protualiug, and a neck
portion. The neck, which projects above tine gurface of tne
prothalines, consiets of a wall composed of rour rows of
cella; 1t encloses a singlie eiongated neck canal-cell. .he
ventral portion contains a large egx-ceil ana a venvtral canal-
cell immediately avove it. As the archegonium matureas ooth
canal-cells pecone aisorganised aud iiil the caual witn a
mucilaginous supstance. inis ewells on wvne admisslion of
water, and, rupturing toe ueck a. vuS apeX, 18 discharged
from the arcaegonium which is now ready for fertilisation.

Hanetein (5) was friret 0 report L& eperme accumulated in
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this exiruded mucilages and tnis undoubtedly happens in
oracken (¥rig.4).

A8 iound atv voe svare 0f the pregent work,
the accumulation of sperme in wne mucilage is due vo the
fact Thnat on entering it tusy eL0P eWimwlug. .ul@ Change
18 1rceversivle gince such eperms, on removal rrom the
mucilage, uevesr reCover tneir orbdginal motility. Luug,
gperms will accumulate in tuas muoilage without tnere oveing
an attraction in wne sanme way as flies would accumilate on
a fly-paper. .ue object of tne present investigasion .aa
veen vo0 find py guantitative metheds wnetvher ¢r not there ig

an astraction of gperms to mature female organa.

Statievical approacn.

rne metnod of 1uvesiigatiug wus movemehts of
spermatozoakln Tap-water wae u0 mark out a gsli on vue surtace i
of a glass slide uﬁing a diamond objective on g microscope
fitted witn mechanical stage. oquares on tae grid wad OSam.
pides and wue grid was suciosed oy @tripe of glass cut from
a giaess plate aoout Lmm. tnick and fastensd to0 tne giide
with wax (Fig.5). ihe sperm euspension at 130C was intoduced
inte tuis comparument and tne rectangular components X and y
of tne distance travelled by a sperm in a givea tine
s8timavea under tvhe disasecting microscope. 1he obeervations

are gummarised in table 3. uince twne mean square aisplace—



Fig. 4.

. Photomicrograph of epherical mass of

spérmatozoa in the mucilage of & mature
archegonium. x50,

Diagrammatic representation of A.

8, the sperm maese .

m, open neck of mature archegonium.

i, closed necks of immature archegonia.
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Fig.5.

flide with crid enclosed by glass strips.
Sperm suspemsione are introduced into this
compartment and the rectangular ccmponente
of the diestances travelled by sperms in

given times messured on the grid.






ment in unit
Bperm can o2

a suspension

X7 o

D~ N
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yf;’a

y in mm.).

time is constant then the movements of the

charescterised Ly a diffusicon coeffecient

regarded ae truly random and the behavdcuzr of

From table 3, D averagee 0.0055 (x and

Tavle 3.

Movement of spermatozca in tap water at 13°C.

Mean and standard deviation for 100

Time Megn cf
intervaljmeasurements of co—crds.of digplacement] x°+y~
5.
L y Sy
5 geo. 0.35 0.33 0.41 0.24 0.44%0.072
10 gec. 0.83 0.40 0.54 0.37 0.8810.0¢
20 sec. C.76  0.4% 0.72 0.58 1.77%0.10

suspensgion is

Sugpose the ini

ot

izl concentration of such a

Co (numser per unit volume) and that crganisas

axriving on a fixsd sphere of radius a are cavght, then at

times t from the starxt of ¢

he experiment the councentraticn

at & point r away fyom the centre of the sphere will have

fallen to a vadus C _iven oy

Co—C

a,@o
r
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The rate of arrival on tre gurfscz iz then AﬁaﬁD(éﬁ)a

And the number which has zrrived since time zzro (2taxrt of
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experiment) will be

47aD Co Q“ + T )

If in an nCuuﬁl exzeriment we find that the numbers of

e
2R

or s '
=

gperms arriving on tne surface of tie mucilags ars

t'p
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than thieg then it can e ftaken that there ig an attrzction.

In z firet experiment where t1: lzusity
r

of sperm suspension was 107%<: (estinatsd from haemocytomete
counte) the initial rats of arrival a2t tre mucilage was 1.2/aec

increasing steadily to =2 maximum o¢f gppreximately 10/z2c., %he
time tsken tc r=zach this meximum being swout 5 minuss

Counting sperms at thie stags presented a difficulty and the

rate of 10/szc. wee crrived 2t after indspendent sstimates wors
mede oy cclleazuss. Thie rate of arrival was maintzined for 2
fuorther 5 minutes =nd thsreafter sizadily decresssd e =
cioimun of L oin 12 =ec. The pmasilals narn tloen flils ith are
Gne 1t was 2t toiz ster oz et the JTotooTsgh o in Filell ozg tolan
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maximum in the expseriment) czn oo taksn as 47TaDC

In the course of thege sxpsriments, sauples o f
gpseim suspencione were withdramn znd diffu 1 coefficiznts

carculated for sperms in thege samples. Thess 4id nct 2iffer
significantly frow thosz found for sperms in tap water (Talls z2).
It may a0 we mentioned that the numoer of sperms in the
muclilage wae small in couperiecn with the total numser of
sperme 1n the suepension, s8¢ that the chenge in the contsntratisn

¢f sperms in the suspsnsion during the experiment coculd o4

v
(D

- A e 3 e
uszlscted. T

ulte of tlhese 2Xperimsants are summariged

hegz results ghow that sperms are actually

2ttracted tc mature aichesonig sincs thelr rate of 2ccumulsticr
in the mueilags ie mueh creater than would ve exgectad on the
ca2sle ¢cf 2 fly-cztehing mezchanisn TLzy aiso indicats that T2
sttraction opsrates on the dirsctisn of motion xether flzrn on
ite wvelzoity. ceraorild (7)) comelided thgt the cffect of molic
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Taole 4.

szte €8 wwvival of aperme 2% sphers of mucilage.

—— “TDiffusion coefficisnt (L) nate of zrrival at sfo:mmw
Experiment| Spern Radlus of
denaity| In tap During aphere of Expectsd lleasured
C. water |experimsnt mucilage (470D C )
a .
i 104mi. | 0.0058 | 0.0051% 0 . 5mmn . 0.3/sec. 10/sec .
: 10%/ml.| 0.0085 | 0.0053 0.25mm . 0.02/s8c. | 1.2/asec.




and not to incresas itd rate.

fuaiitative zovroacl.
In & further sebt of experiments the spraratus usszd was
that shown Fig.3. ALzaln stripe of zlase were fastensd tc a glass
plate with wax. In cospartmsnt A waas placed approximately O0.5ml.

of a sperm suspensiocn of deneity 107/ml. shut off from channel CD°

Wy a ruowesr stopréer 3t €. Compartments C© and B and the connzctins

Channsl were filled with water. Intc B was placed 2 protheallus

with 2 mature archegenium znd intc C z prothallus with immaturs
wezr

1
archegonia. These proethalll &

] previou%ly ringeld in seversl

‘changes of water to rid them of maturs spermatozoa znd alsc to

examine them fir mature archezonia. Aftsr 15 minutes (%5 zliow
any diffusicn cradisnte tc e set up) the stopps

The flow of water was in the di rectiun cf A, tie izvasl of wete

3

in the chanuel OB w2
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20 sperms ovssrved, 2 mov&d intc the chaannsl lsading to T, %the
others having meved in the general direction of the ri kLt hand
channel. After 5 minutes there were zvout 100 gperms in the
right hand channsl while 10 were counted in the 1sf0 hand channs

.3

After 10 minutes =

=

maes OFf eperms had wullt up in thr2 muclilzce

of the mature zrchegonium. At the same time there wars nc sperm
tc De seen in compartment C and 5 werse counted in *the I2fY Tand
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Glase plate with channels and compartments A,

B and C, enclosed by glass strips.

.S, TubLer suoppes.

A eperm suspension is introduced into compartment
A ana water into the cthexs. A prethalius with
a mature archegoniumlie placeu in B, & oné
with immature afchsgonia in C. The stopper is
removed and the movements of sperms into B and C
néted.






ariations Lub bthe finzxl resuld was the sazz in that the

overwhelming majority of sperms swam towards the mature archego:

giving strong evidence of an atitraction presumably of s
chemotactic nature.

Te invegtigate +the FJgOTF&ElS of & substance

anium

releaged by the archesgonium veing responsiovle for thie gitractiom,

a few prothalli wers cach placed in 1Iml. of water. After

15 minutes the water was taken up in s pipette from ons of the

prothalll showing a wmature archegonium and left for zbout 2 hours

g0 that any sperme present would b disd c¢cff. 0.iml. of this

liquid wae introduced into compariment B, compartments B zand O

having b22n previously filled with water and A with =z gperm

guspension, After 10 minutes the stoppzr at & was removed.

Sperme were attracted to the solution, many more spsrmna movin

8]
o

into B than intc C. When the expcrimént was repéa

1iquid diluted ten Yines, epraiu wid not show a prefsisznce fo
compartment B out woved freely vetween C and 3. Obviously, ths
concentration of the stinmuiating =ubetancs ox © gubstances cannot
te much reduced (say oy mors than 107°) without losing its

q

activity. This finds a parailel with Pfeffer's (8) experimsnts

in which sperme were not attracted to scdium malate sclutions

of legs than 0.001 per cent.

Behavicur of spermatozoa towards ruptured cells.

Following the chance oteervation that spesrmatozoa
ars attracted to the oroken cellis of the prothallus, z series

of sxperiments was carried out. First it was shown that a



o

single somatic ¢eil of 4he prothallus when punctured with a

PT
needde, was effeciive in attracting spzrmatozca. Sperme wers

o

alec snown to vz attracted to the zruptured czlle of the wracke
gporophyte. The attractlon was demoustrated for ths ruptured

celle of the leaves of Senecic vulgzaris, Poa annug, Fuchsia, and

Taraxacum, as well zg focr the cells ¢of the frult fly Dresophila

melanozagter, an annelid and 2 moilusc.

Thug the atiraction of speime tc archegonia is
not specific out includzs the celis of a variety ¢f plants and
animals, provided theee cells are ruptured. Since yhe archegonium
is avle to vring awout the disintegration of the neck cells, thisa
property alona might account for the attraction, the hypotlhezi
being that sperms ars attracted to 2 substancs or substances
common to the ¢slls of plants, animale and nsck cells of
archegonla. A simple organic acid would be such a substance. It
ie alsc possivle that the neck celle of the archegonium contain
a specific suvetance which attracts eperms and which 1s not to be

found in other cells. However, this latter hypothesis is the

more unliksly of the two.

Discussion.

Rothechild (7) investigating the clock to polyspermy
in sea-urchin egge, eatimated the number of sperm-egg collisicns
by assuming that a suspension of spermatczoa could oz tisated
as an assemplage of gas molecules in which the digplacement isg

proportional to time. In the case of fern spermatozoa, this



assumption 1z exrronsous (Rothechild himeslf expressed dou’

%o 1ts validity (7)), the square of the displacement v2in

- + - vr : L}
oporticnal to time. However, it wag hisz guantitetive arproach

33 .
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to the problem which stimulated the present invesgtigation.

Both the simple statistical and experimental

t=chniques which bhave deen descrived here ssem to be aprlicavls

to animal sperms.

o
.

(3]

Summazy .
The movements of bracken sperms in tap water is randem, the
meal 3quars displacement being proporticnal to the time.
It iz known that when sperms arrive at the mucilagzgs at the
necke of maturs archegonia, they vecome immobilised; it
has dsen found in ths pregent work that this immobilisgtion
is irreversiols.
Sperms are attracted to mature archeégonla since the numoer
of sperms arriving in unit time at thesz archezinla 1s
enormously greater than the number expected to arrive vy
crhance. This increags in the rats of arrival is not due to

an increase in the diffueivity out, presumably, to a

superposed directed abttraction.

Then eperme &rs piesentec with two roubes along which they

may swim, they take preferentially that route which leade
s P 1 o ~ 4
ts = mature archegonium, indicating that they are attracted

in trat direction. Sperms are alsc attractsed to the water

in which & mature archegonium has oeen previously lmmersed.
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¢ zivraction of sperms ie not aspecific for mature

archegonia since sperme are attracted to ruptured cells of

protualll znd eporcphytes. Ruptured cells of = variety of
anlmals and plants are also effective.

It is suggested that, since the maturation of the archezonium
involves the rupture of two neck cells, this process alone

might account for the attraction.
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Part III.

Incompeatibilisy in otracken .

i. Introduction.

A result of sexual reproduction in living
orgauisms -is to recowbine in the offspring hereditary
differences of the parents. Such reoombinaﬁion is of
Primary importance in evolution. Recombination is in-
creased in zenetic systems in which outbreeding ie
prevalent, that is, when mating takes place more often
vetween unrelated than between related individuals of a
gpecies.

In nearly all animals, crogg-fertilisation is
the rule since the gexXes ars gensralily separate. In uplants,
on the other hand, the hermsparodlte condition is the
ustad ons énd specles which are aelf-fertile are not un-
common. Thie ie particularly true of the grass family in
which a reletively large number of species have been studied
zenetically (2eddows, 1931; Jenkin, 1931, 1933; WNilsson,
1933 and others). But specises which regularly fertilise
themeslves form & minority (Steobins, 1950) and although
“Lere seems to be no ill-effects from continued close
inoreeding in these species, the resulting elimination of
genetic variability ie velieved to e a serious disadvantage

from the point of view of evolution. Mschaniems promoting
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catoreeding in plante are in fact widespread and their mode
of actlon has wsen the subject of much invegtigation
particularly in the flowering plants and in the fungi.

Many plants have developed morpholegical

varrisrg to self-fertilisation and thesge includs such
devices as protandry, protogyny and the extreme case of
complete separation of the sexes as seen for exémple in the
dioecious memoers of the Lablatae and Cariophyllaceas among
the flowering plants. In nearly all other cases the barrier

1s a physiological one and the term self-incompatibility

Las veen applied to ovarriers of thie kind.

The genetice of incompatibility in anglosperms
h28 veen widely investizated, the control of mating etween
¢cllen and egg of the same plant velng achleved by the
intervention of somatic stylar tissus. Thie tissue, acting
as & sieve, generally inhibits the growth of pollen tubes
of similar genetic constitution while permitting others to
grow auccessfully. Where}this reaction depends on the

cenotype of the pollen, the systém may be termed haplo-dip.cid

(Mather, 1944) as for example in Nicotisna (East and
¥angelsdorf, 1985) and penothera (Emerson, 1338; Lewls, 1943) .
When the action of the pollen is that impressed on 1% Dby the

1o ded'w

diploid tiesue from which it came, the term diplo-diploid

may oe applied as for example in Linum grandifioium (Lewis,

1943) and Forsybthia interusiia (Moewus, 1950). The diplo-




37.
diploid system occurs generally in heterostyled plants
and the haplo—diploid relgtionship in.homostylad plants.
This dlstinction formed the baeis of a classification of
incompatidility in anglosperms put forward by Lewis (1244)

and which may be summarised as follows.

1. Homostyled piants. (With the exception of Capssila)
1. One gene with multiple alleles.
&. Independent zene action in the style tut not in
the pollen.
3. Hapleid control of the pollen.

4. No dominance.

11. ©yeterostyled plants. (Including Capgella).

One or two genes with two alleles.

4

Co-ordinated gene action in style and pollen.

Diploid pollen control.

> W

Dominance.

4 novel incompatibility-system combining
features of both these classes has been described rscently
for two species of Compositae, Crepils foetida (Hughes and
Babeccck, 1%%%§fr%%§i§“§fﬁ§f§§§§féagga re claimzd vy BRateman
(1952) to exist among ths Cruciferae. This auther has
proposed a third classification dividing all known

incompatibility systeme in the plant kingdem into two

categories: 1. complementary types, in which there is
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stimulation of unlike genotypes, znd 2, oppositionsl types

in which there is inhibition of like genciypes, this second
category including nearly all systems “ound in the anglo-
sperms .

In the fungi, varriers to gelf-fertilig-~

ation are gs2n in those cases where sexual reproduction

vakes place only netween two differing thalli (heterothallism).

Since the reaction ie between two heploid thalii, the
system way o8 classed as 2 haplo-haploid type of incompat-
ivility (Mather, 1944).

Some heterothallic species show éex

differentiation ostween thalll, i.e., thalll are zither male

or feuwale as for example in Dictyuchug monosporus

(Oouch, 1638) and Achlya bisexuslis (Rgper, 1S25). These

nay ce said to show morphologiczl heterothalligm. To those

species in which there is no morphological differeace

between mating thalli, the term ggysiological hetercthallism

may oe applied (Whitehouse, 1949).

Genetical analysis of apecies with
physiological heterothallism h2z shown the following systems

to be in operation:

1. One gene, twe alleles (often referred to as plus 2nd

winus), ©.8- Aécoﬂoolus magnificus (Gwynn-Vaughan angd

Williamson, 1922), and Nurospora sitophyla (Shear and

Dodge, 1937).
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gene, multiple alleles (the Zipolar type),

e.g. Coprinus rostrupianuz (Newton, 18525).

«l
5
©

) genes, multiple alieles (the tetrapolar type)

e.g. Coprinug fimetsrius (Crunswick, 1924).

Specles have been descrivsd which are not
typically homothallic or hetarothallic but intermediats
between the two and thess are sald to show partial hetero-

thallism. In the homothallic Ascomycete Asperzillus

nidulang, strains exist which are gelf-fertile, Ttut which
when crossed may produce (1) only croesed agei, (2) s
mixture of selfed and crosged agel, and the type of asci
produced seems tc depend entirely on which straine are
croseed (Pontecorvo, 1253). This situation ( termed
'relative heterothallism') is mcrs sudbtle than any of those

considered prevdously. Its meclhanism is at present unknown.

In tre Pteridophyta, inccmpatibility has
not veen demonsitrated aithough its esxistence was suspedted
by Czaja (1S81) in some speciss of ferns. His inability
~ to demonstrate the phenomsnon uay Lave veen due to the
inadequate techniques which , in the author's opinion, he
smployed . Morphological barriers to self-fertilisation
however, are widespread, the majority cof ferns showing e

Welli=defined protandrous condition in the gametophyte. The



ferne inveegtigatsd Ly Andsrason-Kotto for exampls, all
gliowed thie typz of cubt-sreeding mechaniam (183% znd

\ add

pereonal comrunication) and in ftlsze ¢

()\

g2 1t was only after
prclenged cultivation of prethalli 4het the simultsneoue
presence of meture antheridiz and archegonia on tﬁe same
prothallus wae brought atout. Onsz would not expect to find
incompatibility in ferns witlh & morphological barrier %o
self-fertllisaticn cince cach ig an cutbreeding mechaniem
and & comwination of the two would not increase the
efficiency of outireeding.

In bracken, on the ¢ther hand, sexuzl
organs deyelop at the éame time and no case has Leen seen
by the author where archegonis reached maturity without
there veing meture sperms avallable on the same prothallius.
Thue there would appear to be ample scope for self-fertil-
isaticn. Preliminary tests, howsver, suggested that an
incompatibiliity eystem was in c¢peraticn and the experiments
and techniques cutlined velow were davised to establish
the existence of incompatibllity and to elucidate its

mechaniem.
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. Tegts fox Incumpetibility.

————

(&) Preliminary testa.

In priliminaxy experimentes epores used wers
taken from a single frond of the crested (C) population.
From a,petri—dieb‘culture on Knop's agar, a random sample
of young prothalll, vefore development of gexusl organs, wers
isolateéd into phiale. The transfer was.effected by meang cf
2 plgtinum wire under tle dissecting micrcecops. After =
few weekg the is0latzd prrcthalll were examined undsr the
miorcscope and those thet were sexually mature (i.e. hed
develcped woth sexual organe) were flocodad with water. A%
the same time those prothaill rsmeining in the pefri<dish
from which tus isolates wers taken, were alsy flooded and
these numbered ssveral hundred. Flooding of the isolated
and wassed protualll wes repeated every thres days until
gporophytes Legen tc appear when fiodding was discontinued.
The numbers of prothalilli tested in this experiment and th

regults obtained are given in table 5.
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Teole B.

Hegultes of eimultansous flooding of igolated and

massed prothalli of population C with water.

o .of rrothailif fo.of prothalli] Total
fertilised Inot fertdliged |
Isolated
prothalli % 85 94
Massed
prothalli i8¢ 11 =200

In a second expesriment young prothslii
were agaln isolated, this time in paire as well as singly.
A% maturity flooding with watser was carried out az in the

first experiment. The resulte are recorded in tawvle 3.

Taple 8.

Results of flooding paired and isclated prcthalli

of populetion C with water.

No .of phials No .without | Total
with sporophytes |scorophytes
Pelred 9 9 18
protlalll | (vorn memvers of pair)
Single 1 13 1e
probthaill

Thue half of the paiyg ¢f prothalli groducéd

sporophytes. In ths nine palrs which produced szorcphytes,
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voth prothalll of sackh pair did

[/
(e ]

. Only cne out of
nineteen single prothalli produced a sporophyte. These
resudite are suggestive of a éimple rius and minue
incompatibility system 2& seen in certain fungi whers 507

of random psairs Wwould be compativls.

(o) Production of clones and théir use.
Clones of prothalli were produced by sectiionihs
- individual prothalli of population C. It wag found that
regeneration of numerous new prothalll took place from %he
edges of segments cut from parent prothalli (Fig.7).
Proliferativn ¢f $his kind has veen reported for other ferns
(Aloaum, 1935). Thesge new prothalli were detached, 2ach
one intyv a separate phial and in this way clonz2s wsre built
up. The numcer ¢f individuals in the clcnse could Te
augmented indefinitely by repsating the segmentaticn procsss.
Fifteen clones of population C were estavliished in this way,
sach originated from a gingls prothallus and therefors
from a different product of meioais.

In the first experiment with these clones,
the isolated prothalli of one clcone were tested against
sperm puspensions from sach of four other clones and against
2 guspeneion of 'mixed! sperms. To obtain a suspensgion of

'mixed! gperms, a petri-dish culture containing a large

number of mature prethalli was flocoded with water. Each



Fig,d. Proliferation from & segment of a prothellus,
' X350,
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prethallus in the culture had originated from s single
gpore, the spores Leluz tauen from the samxe szpors sample
a8 the clonsz under tegt.

In these teets a deparbure waes mads from +7
rrocedure outliined in the preliminary tests. Ingtead of
periodic flzoding, proethalll wers floodad cnee with the
appropriate zperm guspension and placed under the dissecting
microgcope. Only those ghowing mature arche:onia were
taken into account, the criterion for maturity of zrchegonia

being the magsing of eperms in the muc

fu
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before. Thie wes thought nscsssary in view of
of self-fertilisations which tock place in the preliminazy
%teats, the number of such selfings obviously depending on

the numogr of timeé'prothalli wsve flooded with their own

sperms. Thig procedure hzs been adophtsed in zll the testa

which follow s¢ that ali protiamlli listed in the tabies

were flocded once

o

and¢ &t this flcoding have ghown at least
cne mature archegonium. In a few casges more than one
flooding was required to obiain conclusive rssults and these
casges are ¢learly indicetsd as such.

The results o7 the first experiment are

recorded in tavls 7.




Results of flocding isolated prothalli of one clone

poulation C with appropriate controls.

Ho.of prothalli]l No .not Total

fextilised fertilised
Clone 1C eperm 1 33 24
“ wogg U 1 20 21

Prothelli |
“ 3 o 2 23 24
of "

4C v 1 25 28

clone 1C '
50 0 21 231
mlxed i 18 4 23

All the prothalili in the totals
column were flooded with the appropriate sperm suspension
once and showed mature archegonia. Prothalll were then
kept under ovservation until the sporcphytes listed had
developed. The taoble was compiled when it was apparent tﬁat
no more sporocphytes were going to te produced.

From the rewlts obtained it would appear

that cloneg 3C, 3C, 4C and 5C were incompsebivle with

clone 1C.

Prothalll of the remalning ten clones

were used in the next experiment and tested against sperm




susp2asiong from cions 1C.

47 .

controls uszed are glven in tabvle 3.

The resulte ovtainsd and the

Tacle S.
Teats ¢f clone 1C sperms against prothelli of ten other
clones also of population C.
- o .of prothalii| o mot [fotal
fertilised fertiliged
Clone 1C spexrm 12 1 i3
Clone 6C «  GC " 1 15 15
jprothalli mixed « 5 2 17
Clone 10 gpe 1 i1 12
Clone 7C ~7C 0 15 15
jprothalli mixed o 8 2 10
| Clcone 1C gperm 1 17 18
Clone 8C * 80 1 8 7
prothalli mixed 15 3 18
Clone 1C gperm . 0 e S
Clone SC » 8C u 1 15 18
prothalli mixed 8 1 S
Clcne 1C gperm w1 1 12
ieng 10C w 10C 1 8 ]
iprothalli mixed 2 1 3
| Clone 1C sperm 0 20 20
iClone 11C v 110 . 0 g 8
prothalll mixsd 9 3 13
Clone 1C sperm 8 1 9
Clone 12C e« 120 4 1 9 10
prothalli mixed 14 3 17
- Clone 1C gperm 10 0 10
Clone 13C * 13C e 0 8 8
prothalll mix?gﬂvf 8 1 9
: Clone 1C gperm 1 10 11
Clone 14C| ¥ 14C * 0 8 8
prothalli mixed « 2] 0] 1}
Clone 1C spexrm 11 3 13
Clone 15¢| * 15¢ 1 14 15
prothalli!l  mixed " i 1 a




48.
Thaese regulte indicate that when clones 5C - 15C
are veed as female aad cione 1C z2s male, clonee 3C, 10C,
12C, 13C and 150 zrs compatible and clonss 7C, 8C, sC, 11¢

and 14C incompativle with clone 1C.

Theses tests were repeated with seven out of the
fifteen clones of population C but with the order of the gsxes

changed. The results are recorded in t2obls 2.

Taple S.

Tests of clocne 1C prothalli against eperm suspensions
from eix other ciones of population C, the prothalli

of which were previously tested with clone 1C spemms.

No.of protnalli] HNo.not |Total
fertilised fertilised|
Clone 1C sgperm 2 17 18
“ 68C e -] 1l
Prcthalli v 7C 0 10 0
of b 9C « 1 9 10
v 10C « 1l 2 13
clone 10| . , 37¢ « 1 10 11
0 13C ¢ 15 1 15
mixed v 12 3. 1B

Thug clones 3C, 10C and 13C ure compativle




with clone 1C when ueed either ag mzle or femele navsnt,

awd clounes 70, 2C and 110 incoupotinle.

In & final sxperiment witlh cloneg cf
population C, two clonss compatible and two incompatible
with clone 1C were tested'againet one another slthough not
in all possibls combinations. The results are given in the

next table (table 10).

Table 10.

Regults of testing four clones of population C against
each othexr in various combinabticns, two of the clonse

oeing compatible and two incompatible with dlone 10

TTo .of prothalli No .not | Total
fertilised | fertilised|

Clone 3C {Clone 9C spemm 1 10 11
: = 11C -~ 1 17 8
prothalli v 13C = 15 1 17
Clone 11C{Clone 2C grerm 0 15 15
prothallij v 11C - 2 e} 15
Clone 6C |{Clone B8C gperm 1 ; 1z 13
prothelll! w 130 o« 1l | 135 17

These resulte show that clones 3C and 12¢

which are o mpatible with clome 1C, are ineompatible when

teeted againgt eachk other.
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Clones 2C and 11C which ars ineompatible with cione 1C
arz also incompatidle when tested azainast esch other.

Clone SC,compatibls with clene 10, and clone 13C,
incompatible with clione 1C, are compatible when tesgted

azgainst each other.

A summary of the wesults obtained in tests of
clone 1C agalnst the other cioues of population C is given

in table 11.

Table 11. _
Summary of resulte of teste with clone 1C againet

the other clones of population C.

f Clohed%C as - Cloneg}C as
Clone 3C , —_
3c -
4C —
5C -
8o + 1o+
7C - -
8¢ | -
eC -_— -—
10C + =
110 ‘ -— -
18C + 4
13C . +
14C : -
150 +




Si
Thus five clones were compatiole with

clone 1C and ninz were incompatible.

These findingse, together with the regulss
from paired prothalli, are not inconsistent with a one-lscus,
two-al;ele syetem of incompatibility comparable to the
plues and minus eituation in certain fungl. The fect that
the gporss umzed were taken from o single frond, however,
~would preclude the possinility of finding more than itwo

alleles 2t that locus.

From the relatively high freguency of selfing
and of croseing between incompatible typees in these expzrim-
ente.with the crekted population (a summzry of which is
given in table 12), it would eappear that the block %o

self-fertilisation is not very strong.

Tavdle 13.
The number of sporophytes produced by sslfing =28

against thoge produced by croseing in population C.

Prothalll Flooded with | Prothaili flooded with
compatible sperm own sperm.

. Total | No.fertiliged Total lNo.fertilisa@_

!

457 412 (90%) | &97 22 (71)

et

Selfipg then is of the crder of 8%.

Since, in nearly all cases, the fertilisations listed in
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single flosding, it ie
apparent that continuous szelfing of prothalll would zive

rige %o & high propoxrbticn of self-fartilisations.

In thess experimente where sperm suspensions
were used, the spzrm density, zacsrtalnei by haemocytometsr
counts, was standardiesasd e¢ that all prothalll in the tests
were pressntced with appreximately ths same number 6f gperms
thereby eliminating a2 possible source of srror in the
results obtained. However, an experiment was carrlied out
uging the protialll cf one of the clones of pcpulaticn C
againet suepeneions of mixed sperms (ovtained as indicated
previously by ficoding a petxi-~dish culluzrs containihg
many prothelli gzuwn from a xazndom sample of gporss) also
from the crestsd population and ranging in density from
10%/m1. to 50/ml., without any difference in the inal

ragulte.

(¢) Tests of incompatinility in the Ballochraggan
(E) and Killeara (K) pépulgxions.
The tests carried out so far were confined to prothalli
" derived from one frond of the crested population. The
investigation of incompatioility was extendsd to two other
populations (3 and ¥ respectively). The geographical
location of these populations is mentioned in an earlier

part of the woerk and alesc mentioned is ths fact that the
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morpliolo.y of the fronde was normal for voth unliks trs
fronds of population C. Agein the eporss used in sthe tests
were taken from a singlie frond in each of the populationes.

Tnitlal tests wars cariied cut with prothalli isolated a%

au early stage in development frow mage cultures in petri-

digheg. The results of thes

oW

exicerinsnt

[43]

are recorded in
tavle 13. Az in the expsximents with popuiation G, ths
term 'mixed sperm' denctes & sperm suspsension obbtained by

flooding a random sample of prothalli in a petri-dish, these
prcthalli having been grown from epores taken from the same

gpore saﬁpls as the prothalli under test, i.e. frbm & single

frond. ' '

'Results of flcoding isolated prothalll of populations

B and X with water and with suspensions cf mixed

sperm.
Popﬁlation Treatment of Ko . Nc .not To%éi
isolated prothalli fe;f}lieed fertilised
Flooded with watex 8 45 oS4
B mixed
“ *  gpemm 40 8 48
‘ Flooded with water 7 44 5%
K " , mlxed 1
sperm 4l ; 8 42, .

As in the tests with populatiocn C,
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reached maturity.
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the microscope amd

only thoge cases in which woth members of & palr showed the

simultaneous presence ¢f mature archegonia were tsken inte

account .

Thegs

produced were recorded (tabls 14).

Tzaple 14.

were put aside and the number of sporcphytes

Results of flooding isolated palrs of prothelli of

poepulations B and X with water.

Populafion‘ ‘No.of |  No.of No.cfwéingle Total
compatible jincompativle fertilisationg Ko .of
paizrs pairs .. |paizs

B 17 8 & 27
S S N 12 3 34
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In those caszes Where only one of the members of a pair

produced =z sporophybte, i1t was concluded that the combinatisn
was incompatible. Tims in population B, 17 pairs were
compatible, each member of a pair haviag produced a sporoohyse,
and 10 inoccmpetibie. In popudation K, 1S pairs wars
compatible and 15 pairs incompativle.

In a single gene, two-allele gyetem of
incompativility, Lnaii c¢f $he paire isclated at random would
be compatible. The deviations from a 1:1 ratio of compatibls

"%0 Incoupatible palrs found here are not significant.

Clones were produced from prethalli of
populaticvas B zuld X by the methed outlined for the crested
pdpulation and ueed in teets similar to those previcusliy
descriped. Nine clones were produced in populaiion X, znd

seven in populaticn B.

clones ¢f population K in which prothalll of eight of
nine clones were teated azelngt spewms of the ramaining
clone. The results are recordsd in table 15.

In thess tests the numbers of fertilisations
listed were obtained after a single fiocding with the
exception of thes test with clone @K. In this test the
sporcphytes produced from a single floodling were as followe:

4 cut ¢f 16 procthalll of cione K produced gporcphytes aftex

& single flooding with sperms from clone iX

1l cut of 19 prothalll produced a sporophyts after a singls




s3.
fiooding with clene X gperme (selfing).
On the second flooding the number of self-fsrtilisations

o83 from 1 %5 8 and of croos-fertilisabiones from 4 tc 13.

Results ¢f flcoding prothalli of clones SZ-SK with

thelr own sperm, wlth gpemm of clene 1X and with

mlxed speim.

No .of prothalli]  Ko.not |Tota ﬂ
R fertiliged fertilised
Prothalii|Cione 1K sperm 15 P 17 |
of v 3K 1l 10 11
clone 3K mixed 4 10 3 iz
ProthalliClons 1K spern 17 1 ig
cf b 3K & 10 12
clone 3K mixed o 4 13
Prothaili|Clone 1K spern 1 1 i |
of LI G 2 10 iz .
clone 4X mixed 1z 1 13
Cione BX |Clone 1K spein 13 2 i3
prothalli « BK o] 8 8
Clone 8K [Clcne 1X apeim i 12 3
piotha«a..ki f SK 11 4 10 14-
Clone 7K |Cloune 1X gpsim %] i 10
prothaiil w Tk 1 12 13-
Clone 8K |Clonz 1X sperm 0 17 7
prothadili « 8K " P 12 14
Clone ¢X |Clene 1¥ zpsrud 13 3 i3
prothalll v 89X w 2 i7 ig
From the results recdrded in tagbls 15,

clones 4K, 8K and 8K cre incompatible with clone 1X, and
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cicnsze 8K, 3K, 5K, 7K and 9K are compatidle.

In the next sexies of tests, four of the
nine clones of population K were again teestz2d againet
clone 1K but with the order of the sexes changed 1.s. with
cione 1K ag female. The expected results were obtainsd

(table 18).

Table 18.
Results of flooding prothalli of clone 1K with spsrme

from four other clonss of population K.

No .0of prothélli o .not Total
) | fertilised fertiligad
Clone 1K gperm | P | 14 is
Prothalli| " &2k " 10 1 11
of v 3K 15 2 17
. {clone 1K " 4K o 1 1z 15
w 8K 1 1z 13

Thus clones 3K and 3K are compativle with
clone 1K and clones 4K and SK incompatible when used sither

as male or female parent .

In g further expsriment, clones 2K and

3K (compatible with clone 1K) and clones 3K and 8K
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(incompatiple with clone 1K) ware testsed againet clons 4K
(inoompatibie with clone 1K). . The results cotainsd (table
17) ware as expectad although the number of 4K prothall
fertilieed vy SK gpsrm was rather high. In = previous

test (table 15), selfing of 8K prcthalll was alsc higher

than expected. (See also further experimsnia with clone

m

below).

Table 17.
Results of testing clone 4K prothalli (incompatidble
with clone 1K) against sperme from clones 2K, 3K, 3%
‘and 8K (2K and 3K compatible, 6K and 8K incompatibie

"with clone 1K).

Ne .of prothglll ¥o .not Total]
fertiliged |fertilissd
Clone 3K sperm i4 é 8
Prothalli “ 2K n 10 5 15
of ~n BK V" 10 : 12 23
clone 4K Y o8Z v | 1 13 14
w 4K P 12 14

Thue two clones, ooth compatible with a

third clone, are incompatible when tested against each other.

Two clones, ons compatible, the other Incompatibie with a
third clonse, ars compatible when tested against each other.

As alrsady pointed out, only the regult of clone 4K versus



clone 8K ig ¢of a doubtful naiure.
incompativle with clonme 1K, +they wou
incompatlible when fTested zzzinet ealk cther, whersas in

single flocding 10 prothaili of done 4K wers fertilised -

of a total o

other in a further

in table 18.

Resulte of tests of clone 4K asgainst clone 8K, Mot:

f 6.

(913
«©

lones 4K zand 3K wsre tesbad acgalnst each

=

Table 18.

periment with the results as shown

n

clones being incompatible with clone 1K.

No .of prothalli Yo .nét Total

fertilised fertilised

Prothalli| Clone 4K sperm 1 14 15

of " gK i0 12 18

clone 4K mixed o 12 -3 i4
k

Prothalli|Clone SK sperm 7 iz 19

of L 4Ky -] i3 i5

clone SK mixed o 8 g 10
It appears that the mechaniem of

incompativility hae broken down to a large extent in the

sperus of clons

and of crossing

3K ginc=z a hi

-
g4

proportion

with 2n incompatible cione

otk of selfing

ig able tc tzke
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rlacs. However, when clone 3K i1g used as female azainst
gperng of clone 4K, thers is incompativiliity.

| Mogt of the sporophytzs oroduced in these tests
with clone 8K were examined cyiclogicaliy (see hslow in the
chapter on cytology) and all wersz diploid znd of normal
morphology. It may bz assumsd, then, that they were formed
as a result of sexual fusion ancd not dvue to any abnormality

in the lifeQCycie.

The seven clones of population B wexe
next used in a series of teets, the first of these veing to
test six clones againet the sprerms of the remalning ¢ clone with
the results‘as ghown in tablie i9.
Table 1G.
Results of testing prothalll of gix clicnee against sperus

of a seventh clone ail of popwlation B.

No. of prothalil o .not Total
N fertilised fextiliged
Prothsllii|Clone 13 sperm 24 3 &7
clgie &3 W 35 & 10 &1
ProthalliiClone 1B spernm 2 31 33
clgie 33 " 3B o« 3 20 &3
Prothalli|Clcene 1B sperm 18 S 21
olgie 43 noO4B 4 3 13 15
Prothaili{Clone 1B sper: 14 P~} 13
clmesal ¢ sm NN 7 15




Table 19 (contd.).

Wo. of prothaLil Yo .not [Totall
fertiliael fextilised
Prothaliil Clone 13 spexi «3 & 3
of
clone 3B 4« 5B u i is | 12 .
Prothalii Clone 1B sperm 3 18 20
of
clone 7B « 73 " 3 i4 7

; Thue, clones 2B, 4B, 5B and 8B wazrs
compativle and clones 33 and 7B incompatidble with clone 13.
Some of these teste were repeated this
time using clone 1B prothailll agalinst sperms from foﬁr cther
clones, two of which wers cozpatible and two inccmpatible
with clone 1B when teeted with epexrmes from this clone. The

results which are given in tabls 20 wers as expected.

Tauvle 30.

Results of testing prothalill of clones 83, 33, 42 and

73 against sperms from clone 1B.

No .of prothalii Neo .no%t | Total
fertiliged | fertilised
Clone 1B gpéera 3 14 i3
Prothalli &3 i3 & 14
of 2B i 13 id
cacnz 13 43 13 4 17
73 ) 8 iz 45
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The prothalll of cions 3

n
€]
(@]

0

(c

| with clone 1B) wers tegted azaingt sperms from clone 4P

mpztlvlce

o

(aiso compatible with cicne 1BR), =nl aleo a against sreims
from clonee 3B and 73 (both incompatible with clone 1B)

with the results as showi in tsiule 21.

_Reeults of testing prothalll of clone 3B ageinet spsrw

from clones 3Z, 43 and 7B, ciones 33 and 43 belng

compatible with clone 1B, and 3B and 7B incompatible.

No .of prothalli‘ No .not |Totall
fertilised fertilleed
Clcns 3B speinm 2 2 14
Prothalli 3B : 10 ] 12
of 4B i 12 13
clone 2B 7B 7 5 12
mixed i 4 13

Again the expscted results have wzen

obtained.

In a final test the twc clones which wers
found to be incompatible with clone 13 (i.e. 3B and 73) were
tested agalnst each other and once mors the expecied resulte

were odbtainsa (tabls <3).
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Tabls 28.

Results of testing two clones against each ¢cthar,

both of which were incompatible with a thizd clone

(population B).

No .of prothalli No .not |Total
fertilised fertiliaed

Prothalli |[Clone 33 sperm 3 11 i%
of :
~olone 3B b 7B i8 4 33

The flooding of prothalll with the
aprropriate sperm suspensions had tc be carried out twice
before the numbera of fertilisations ilefed in table 33 were

obtained.

From the resultg recorded in tablss 28 zn
2l, 1t can e azezsn that
(1) two clones, Lotk compatible with a third clone, axs
incompatible when tzstzd against szach other,
(2) two clones, “cth incompatible with & thixd cione, &rs
aiso incompativle when tested against each other, and

(3) two clones, one compatible, the other incompatibie with

N

ct
a

a third cione, ars compativle when testied against 2ach
OTLer.
| From these and previocus dats, the existence
¢f two mating types can ve postulated for the prothaill of

populaticn B. It wmust ve orne in mind, however, that these
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4.
prothelii originated from sporss taken from a single froand

of this population.

In popudiations ¥ and B, tns wechanism of
“incompativllity appears to ve even less rigld %than in the
crested population from the amount of geifing which has
taken place. The incidence of gelfing in populaetions B and T
in the varicus tests described are summarised in tabie <3

and are compared with selfing in the crested population.

Table 33.

Compazxiaon of the nmumber of sporcphytes produced by
selfing with the number obtained from compativle

crossés in populations C, B and X.

Prothaill flooded with|Prothalll flocded with
‘ cormpativle sperm their cwn spsrm.
Population
Total| UNo.fertiilsed | Total | Ne.fertilised
B 195 150 (82%) 188 35 (1z4)
K | %48 508 (85%) 518 35 (15%)
c 457 412 (90%) 297 22 (77)

If Yhe nuubers of fertiligations obtzined
with compativle sperm are taken ae the maximum possible
under the~experimental conditions used, then the frequency
of selfing 1s of the order of 18% in populaticn B, 174 in

population K anda 8% infthe crested pcpulabtion.
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() Tests for compativility Letwesn mating types

of populations B, C, and K.

Iwo mating types have Lezn digtinguished
in each of the three populations tested and a eingle gens,
two-allele system of incompatipvility ie postulated in each
case. A single gene, multigzle-ziizle system could be in
operation in each case wut the fact that spores wers taken
from one frond in each populaticon, would allow for the

deteotion of only two allelss and hence of only two mating

types in each case.

To determine whether or not thass two
alieles were the same in ail three populations, ciones of
each mating type in the populations were tested agalnst

each other. The first of the se tests involved two compativle
clones of population K and two of the crested population

with the results given in table 34.

In this experiment, the prothalli of
clone 3X were flooded twice with the appropriate sperm
suspéensions before the results rscorded in the tabls were

obtained.

From these results, there seems to De
complete cross-f="tllity between the two mating types ¢f
population X (3K and 4K) and those of the crssted population
(4C anda 3C).



Resulte of teste vetween thie mating types of populaticns

. C and K.
B Fo.of prothalli| No.not [Totall
B fertiliged  |fextilised

Prothalll |Clone 3K gperm S 17 P
of w 4C ¢ sl P4 3

clone 3K “« 8C « 24 1 55

Prothalll {Clone 4K sperm 3 1l 13
of “oo4C " : 19 1 20

clone 4K | "« &C « | 17 2 19

Prothalll cf two compatinle clones of population
B (2B and 4B) were next tested against sperms frcm each of ths
two wating types of populations C and X, with the results as
ghown in taovle 25. From these results, the three populations
are crosgs—compatible in all comuinations.

If incompatibilty is controlled by & single gene
as appsare to be the case, there must be multiple alleles and
each of ths three populations carries at least two alleles and
thegs are different frow those carried by the other two

populations.
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Tabie 25.

 Results of testing profhallivof the two mabting types of
population B agalnst spsrms of the mating types of
populations C and X.

- Nofgrftgﬂgggui torvitined| o
Clone 3B sperm 3 ¢ 11
Prothalli| v 4¢ " 9 7 11
of "o 8c v 8 & 10
clone 3B " 83K w 10 5 15
v gk 11 3 14
Clone 43 sperm | & 10 12
Prothalli| " 4C ¢ 13 2 14
of- vw 8C ot 7 , 3 | 10
clone 4B _ gk v 9 1 0
- o 4K 4 8 3 10




(3) Cytolezy.

Developing sporangia on the fronds of popuisztions
B, C and K were examined cytologically. Sections of
sporangia (Fig.8) showed the chromosomes in meiotic division
in which pairing and dlsjunction appeared to be normal.

The chromosomes of the gametophyts wers studisd
in dividing antheridia, and thosge of young spcrophytss
produced in mass culbure, in zoot tips and frond apices.

In all three populations, a regular alternation of the n
(=52) and 2n number of chromosomes took place (Fige.9, 10,
and 1l) indicating & normal sexual cycle. Manton (1950)

also lists bracken as having n=52 from her etudies of
. &
developing sporangisa.

The sgporcphytes produced as & result of
gslfing in populations B and XK wers all of normal morphology.
Nearly all wers exaained cytologically and haé the diploid
number of chromosomes. Unlike populations B and K, self-
fertilisation in the crested ?oPulation'gave rise to
sporophytes all of which were wezklings to a zreatsr or
legser degree. Two distinctly zbnormal forms occurred and
were the gubject of special study.

One of these forms (Fig.12B) was confined
$0 a single clone and selfing in this clone pfoduced only
this form of eporophyte. Thess sporophytes did nct develop

fronds wut produced a cylindrical shoot variously vranched.




Fig.8, Meiosis in sporangia of
A, populatiom K,
B, the crested variety.

Sections stained with Feulgen, Both x600 approx,
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Fig.9 A, squash preparation of developing antheridium with
- nuclel showing the haplcoid number of chromosomes.
B, dividing nuocleus in a squash preparation of a

frond apex showing the diplold number.
Both population C, and both x3000 approx.
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Fig.l0 Squash preparations of -

(),

(v),

developing antheridium with nuolei showing
the haploid number of chromosomes . '
diploid cell of a frond apex.

Both population K and 1800 approx.




(b).



Fig.1ll Squash preparations of

(a), bhaploid nucleus of an antheridium,
(b), diploid nucleus in the apex of a frond.
Both populatkon B and x1800 approx. -
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The Tranches Gid not have zpical meristemas “ut z vascular
cystem was pregent. The rcot system, cn the cther hand,
wag normal and well-dévaloped. Difficulty was sxperisnce
in xeeping these forms alive and the material availalle

for cytological study was liritzd. The few succegsful
preparationg that were cuteinzd showed thess to be dipleid
(Fig.120). -

It wag concluded that prothalli of thie
clone carried one or more recessive zenss wiich azcted ocnly
in the sporophyte and when in the homozygous shate resultsed
in a semi-lethal condition.

Aznormal sporophytes have been descriied
in other ferng out have always associated with the phenom-
enon of apogamy (Lang, 1898; Stell,1939; Mantcn, 1550).
These apogamously produced sporophytes differed from tlces
desc®ioed here in having no rocts at all ox at %eest, zan

ill-developed system.

The other abtnormal form of g orophyte

was not confined to a single clons but opcurred in several.
The clones which produced this form also produced on selfing,

gporophytes, which, though stunted to varying degrzses, were
of normal morphology and had the diploid number of
chromogomeg. In this second sbnormal form, rocotd did not
develop and the apices of the young ghoot, instead of giving
rise tc fronds 28 in Fig.l3A, developad prothallial tissus

with sex organs (Fig.l3A). Develioping antheridia on these



Fig.12 A.

Normal sporophyte with fronds aged about

gix weeks.  x6 ’ |
Avnormal spororhyte with ovranched shoot (e)
and well developed root (r), aged about three
monthe (the result of self-fertilisation in
one particular clone of population C). x8
Sguash preparation ¢f root-tip of B showlng

a diploid cell. x1C00 approx.







Fig .13 A.

Abnormal eporophyte producing prothallial
tisgue (produced occasionally on selfing in
the orested variety). x4 . .
Haploid nuclel and spermatocytes in antheridia
of A. Squash preparation x1600 approx.
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prothallial outgrowthes and the gpicss of the young shoots
were investigated and the haploid number of chromogomes

Was s¢en in both (Fig.l3B). It wag concluded that this type
of abncrmad sporophyte was of apogamcus origin.

Mpogemy is 2 permanent fezture in the life-
history of some fernsz and the eliminatica of nuclear change
in theee cases is achieved in one of twec ways. Apoganmy
may oe followed oy apospory &as gsen fo4example in the

well-known case of Asplsnium Filix-foeminag var.clarisgime

and 1n the present investigaticn; or unreduced spores nmay

be producsd as in Pteris crstica and Cyrtomium falcatum
(Manton, 1950) for examgls. Apogamy haevélso Leen produced
in some ferns by preventing fertilisation (Lang, 192¢;
Duncen, 1%41) wut fertiiisation was not pisvented in the
present cuse since prothalli were flooded with water at

lessgt conce.

Cytclogzical technicues.

In preparing sguashes, material was treatsd
with a saturated solution of 8-oxyquinoline (Tjio and
Levan, 1950) for four hours at 18°C then fixed in acstic-
orcein (2% orcein in 45% acetic acid). Normal hydrochloric
acid was added, the final mixture being of the composlticn
1HCL : 9 acsetic-orcein. Heating and cooling was carrisd out
three or four iimes in a watch glass after which the material
was mounted in 45% acetic acid and squashsd.

The general sffect of the pretreatment




77 .

with oxyquinoline was {0 shorten and thicken the chromoscmss
and also tc increase the intensity of staining. Presparatlions
cotaln=d in this way were very much Letter than those of
untreated material, particulzrly in the case of developing

antheridia.
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Discussion. |

The zesults coitainsd from the incompatibility |
teets in the three populaticns suggset 2 zinzle g2ne
wultiple-ailele system tc e in cperxation similar to that
of the bipolar fungil. VTo ve completes, the inveatigation
would regulire the uee of genetic markers segrezating and
recomblaing with the lncompatidilty glleslies postulated hsrs.
However, it has not bzen possivlzs in the time available
either to obtain marzed strains or %o ralse sporophytes to

the stage of sporulation.

Due t¢ the relatively high freguency
of gelfing which takes place, ths incompatibvility system

would appear to be a Weak ons. L3 pointed out by Bateman
(1953) one would expect to find in nature incompativility
gystems continually arising and in a2ll stages of evoluticn.
In systems too weak for the requliremsnts of a gpecies,
gelection would act to increass the.effectiveness of the
mechanism and thersfore act on its genetic basis. An
exarple of selection for cuterossing (though not for
prevention of selfing) is sesen in the studies of Pontecorve
(1553) and his co-workers on the genstics of the homothallic

Ascemycete Aspergillus nidulans. The original strains of thie

fungus were completely self-compativle, mixed inocull of
two strains giving crossed asci and selfed ascl in proportions

ugually well below the theoretical maximum for random

keryogamy (i.e. 1 : 1). WMutants were utilised in numerous
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crosses and new raccuoinant strainsg selected. By continuous
selection of recombinants, alleles favouring outcrossing
(whether present in the criginal strains or arigen by

L/

mutetion) were autcmatically selscted. Straine of Aanaersillug

nidulans now exigt which, though eelf-

Hh
W

rtile, will give

1004 crossed asci whou combined with cerbain otker strains.
Thie vehaviour, termed Ly Pontsecorvo (1353) 'relative
heterothalilgm', indicates the exigtence ¢f positive
incompativility 1.e. mechanisams of preferzntial fertillsaticn
not vased on the prevention of selfinc ('complementary!
systems in Pateman's terminclogy). It has tc oe nosed,
howaver, that the mechaniems of inccmpatibility in fungi
operate at a level altogether different from those in

higher plants (inclﬁding pteridophytes ae shown here). They

opsrate 2t the level of karyogamy ostwesn nuclel in a common
cytoplasm.

Ths

}-«4
ﬂ;

conditicn of partial incompativility
geen in Uracken may e adequate in maintainlng the necessary
interchange of genes and the syetem wz2cems stabilised at

the present evolutionary level. Partial self-incompatidility
of this type may be #idespread in ferns where szxual organs
develop simultansously, out to detect 1t, critisal tests of

the kind describved here would have to e carrisd out.

The movements of aperms in the vicinity of

mature archezonia were investigatsd tc fiad out whether
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compatlivls sperms wehaved differently

<t

w

Q

ot

'

2

Aa no guch diffsrence could u= ; vhe incompatinility

mechanism appeare Go avt somewlzre after the time of entry of

sperms into the mucllags. That

i in the zyzets is
unilkely eince too many sporowhyt

8
8 axise cn selfing which are

perfectly healthy and of noxmmszl agpearance (gt lezgt in
perulations B and ¥.) for the hypothesis = lethel condition

in the zygote to ve tenawvle. I4 may oe that the barrier arizes
duriang the movemsnts ¢f t1:2 sperme down through the mucilage

in the archs.onial nzck in anziczy tc thes situaticn in
angiosperma, sperms having to maks their way through the
mucilage, pollsn tuces through the etylar tissus. Lewis (1952)
hag shown in Oencthera tihat inccupativle pollsn tubse carry an
antigen the antivody to which is produced in the style zo that
pollen-tube growth 1s inhibited. Similarly it is possliils that
incompativle spsrmas carry zn antlgen the antibody to which isg
present in the mucilage. A very marked chzngz in the mobility
of gperms takss place in tle mucilage and it isg feasidle that
incompatipility opsrates at this level. Of goms significancs
in this connection is the work of Hoyt (1910) who showed thet

crosses between closely related species of ferne did not take piace

due to %the inapiiity of the foreign eperm to reach the egg,

although many sperme entersd the archegonial necks.
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The escological sisnificance of tlhczss findincs.

Since, in ferns, the haploid generzhion has zn
independent existence wnd theresfore 1s exXxposzd tc sslection,
the poselbilitises of aaapta ion ofthe sporaphyte depend cn the
action of every gene weing rzastricted with precision to either
part of the life-cycie. In owrackien, pi uh&l;l and gpcrophytes
react very diffexently tc similar environmentes znd the
conditions so cohviocusly snjoyed Yy the sporcphybts are not
sultable for the growth of prothalli. Thus there ssesms to L@
a lack of co—ordinaticn in the requirsments of tliz two phases
of tase life-cycle.

Eecoris of the occurrence of prothalli and
young sporelings are rarz (Conway, 195%3) and prothalii in
fairly largs numbers have been seen cnly in recent years on
the rubble of wulldings damag ed in Torld War IT (Louszlsey,1943).
Spozcphytes, on the othex hand, occur in a varisty ¢f habitats
and their rapid spread is a sariocus problem in agriculture
in Scotland. In nature, a prothallus is much mors difficult
to detect than a young sporophyte and it is grovavle that
numeroue isolated puocthealll becoms estavlished sach yesar. The
fact that nsw sporcphytse are fare can ve attritulsd to =
combination of incompatibility and poozr adsptaviiity of
prothalli. The chances of an ilsclated protda1¢us gurviving

long enough to produce a sporophyte are A ight and the production

of new gporophybes would require tLe sstablistrant of z number

of prothelli in closs proximity ¢ sach other otherwise sperme
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tioveiling from ong protiadlie o cucioner sioht be sidetruoled
oy velang chemotactically attracted e one or other of the
organic substances in the soil humus. Howsver, ths fzot that
oracken ig widespread and, presumzioly, has bsen 8o over long
periods, suggests that its genetic gygvem is a succegsful ons.
It is clear that this genetic gystem has in store az wealth of

intsresting provleme open to inveatigation.

Summazry .

1. Methode ¢f testing fbr‘incompatibility are described and
these invelve the production of clones and the isolation
cf prothalli.

& . Incompativility ie demonstrated for three populations of
brackan .

3. Two mating types have been detected in each of the
populaticns, spores peing taken from a single plant in
each case.

4. The three populations were crcss~compativle in all
combinatione of mating typves and a single gene, multiple--
allels system of incompatibility is poetuiated.

5. Incompatipility zppears to operats between the time of

entry of sperms into the mucilage of mature archegonia and
thelr arrival zt the egg surface, sinc2 there was no
Giffsrence in tinz mevsuents of Giffersnt spexm types up to
the point of sntry into the mucilage. Incompatioility

acting in the zyzote ig considered uniikely.
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10.

Incompatiblliity zllieles zppsar to ve relatively waak in
their action since sslfinz was 8%, 187 and 17% respe
in the three populations (C, B and X) teastza.
The cytology of sporangla cf tie three populations was
investigatsd as well as antheridias of prothalli and
meristems of young sporophyt=ss produced in mass culburs.
Each pepulation shewed a regular zlternation of the haploid
(n=52) and &iplcid mumosrs of chromosomss indicating &
normal saxual cycle.
Sporophytes produced on selfing in populaticns B and X
were diplcid znd of nérmal morpheclogy.
Selfing in population C (a 'crested' variety) gave rise to
sporophytes ail of whiéh were weaklings to a greater or
lesser degree. Two distinctly abnormal forms were gpparent.
One of thess forme was confined 4o a single clone and
congtantly appearsed on selfing in fhat clone. Celle of the
root-tipy of thisg form had the diploid number of chromosomes
and 1t was concluded that prothalli of thisg clone carried
deleterious recsseive genes Which ae¢isd only in the
sporophyte. | '

| The sscond avnormal form occuxred in more than
one clone and since thz cells of this form carried the
hapleoid numoer ¢f chromoscmes, it was concluded that thessz
sporophytes wers of apogamous crigin.
It is suggested that incompativillity may bs a factor

contributdng to the rars cccurrence of new populations of

bracken in nature.
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