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ABSTP"ACT

The uptalce and '¡,ransrocation of tlrro sÍ-iaple nutrients, glucose

and gþcine, 
'¡ere sÌ;udied at a h¡.phal Level_ in Lþ!æ_c!ggþ sqf.qp by

means of an auioradiographic mei;hod. invol-ving ihe use of -britiated.

compounds, au'boradiographic stripping ernursion and slide cu-l_tures,

Resuri;s obiained. shol"¡ thaÌ; upi;alce i_s not l_ocarized in the

ii¡yceJ-iurn bu'b that it is direciþ rel-ai;ed to cfioplasnic densii;y, com_

pei:etivery irù¡ibit,ed by structuralJ-y sj-rúlar conrpound.s, saturated at
high nutrient concentrations and_ comprebely inhibited by the uranyl
ion. Gl-ucose upi;ake r,¡as shown to be a .bwo-s-bep processj i;he first
step having ihe propert,ies of a facilii;ated difíusion and the second

havi-ng the properties of an active accumulation, Cornparisons have

been made i^¡it'h beti;er knov,¡n systems in other orgari-isms,

A study of transloca-bion of glucose shor^¡ed -r,hai movemenL occurs

sirnulianeously in both d.irections in a h¡rphae. rt r¡as shown that
this movement was the resurt of an actuar transrocai;ion inside the

hypha and not the resul-t of diffusion through the medium, along ihe
surface of the hypha or through the cyi;oplasm" A possiirre mechanísm

has been proposed to account for this bidirec'r,ional translocation,
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Alihough there have

franslocation of ions and

studies have been macle on

nutrients 
"

INTRODUCTION

been several sfudies on the upiake and

dyes by filarnentous fu:rgi_ onJ-y a ferv

the upt,ake and transl_ocation of conmon

uptake, however, has been studied very extensivery in bacteria,
yeasts and rna¡rnnal-ian cells and a greaL deal- is knowrr aboui the nature

of the mechanisms involved i-n ihese organi-sms, l,rhere uptake of organic

mol-ecul-es appears to be an active process probabþ consisting of two

steps" The first, an energy-independent, facj-ti-i;ai;ed diffusion, shorrs

the Íollourj-ng characteristics: non-linear kJ-ne-bics, stereospecj-ficity,
competeiive inhibition, species or sirain specificity, a frequently
anomalous Q1g, Sreater rates than predicted from molecu-l-ar size and

J-ipid solubil-iiy and sensitivity io certain inhibitors; whil_e i;ne

second involves an energy-dependent accumu-l-ation against a concentra-

tion gradienf,

very liitle however is known about the uptake of nutri-ents at
a cel-lular l-evel sj-nce these experinents have been cond.ucted o4ly in
bufk" Arthough it is generally assumed that upiake can occur at
aqy poi-nt on a fungal mycelium evidence of hyphal specializaiion sug-

gests that Ì;he possibirity of localization of upiake shoutd. also be

considered"

A sinilar l-ack of informaiion exis'bs in bhe sfudy of iransloca-
tion in filamentous fungi where the movemeni of ions and Sres has been

investigated by several workers, but very fei,¡ have studied the
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translocation of cotlrûon nutrien¿s 
"

It is generally assr¡ned that ùranslocation is closely rel-ated

fo cfioplasrn-ic streanr-ing but rnechan-isms si:nilar io ihe eleciro osrnoiic

activated mass fl-ow suggested for transport in phloern cell_s or the

colrnter current theory proposed. for amoeboid. movernent musi al-so be

consi-dered 
"

Thus, the present invesiigation was conducted to study the follor¡_
ing questions at a hyphal l_evel:

1" tr'',trether uptake of gÌucose or grycine by Ebi-2.çgtonfa solani

had- characteristics sj;niiarbo i:he better kncnrm systems, and

io atternpt -r,o estabr-ish luhebher it is a-br,uo step process;

2" T','rlhether there is aqy LocalízaLion of upiake sites on the

rnycelium;

3 " I,',hether Rhizoctor:-ia solani was capable of translocatine
glucose, and in i.¡hat, direction;

4" l'lhether a possibJ-e mechanism for the transl-ocation couLd be

proposed"

The very srnall- quan'r,iiies of nutrient present in the hyphae a.e

not deteci;able by normar chemicar means of ana]-ysis, so as a first
approximati-on, the disi;ribution of triti-um is taken as an indication
of the probable distribui,i_on of the rabel_led compound. f ed.



LITERATURE REVEI",I

owing 'r,o the greai: diversity of phenorcena involved a compre-

hensi-ve review of ì;he literature on uptake and translocation in general

has not been attempted, The review is largely devoted to papers con-

cerned with the uptake of sugars and amino acids, and l,rith transl-ocation

studies particularly in ihe fungi"

I. UPTAI{E

Tlvo recent reviews are avail-able covering the exLensive literatqre

on ami-no acid and sugar uptake by bacteria and yeastsu (llrr4), ver.y

few studies however have been done on these processes in fila:nentous fungi,

To measure nutrient uptake severaL methods are in general use, One,

developed by Conway and Dor.rney (15) depends on measurement of the rate of

disappearance of the nutrieni, from the nedium, while a second, and. more

widely used one depends on analysis of cel-I contents,

Methods involving the feeding of cells w-iùh radioactively l-abel-Ied

substances, in which the cells are filtered, collected, washed and

counted, directþ on l,Iillipore filì;ers, have been d.escribed by Roberts,

et aI. (44) and Zalokar (62) while Grossbar¿ (e4) has deveLoped. a sjmit-ar

auforadi-ographic meLhod" Photometric techniques which depend on vol-ume

changes accomparÐring uptake have been used. exbensively for protoplasts

and red. blood cells (39,l+3) ,

sugar uptake by bacteria, yeasts and animal cells appear i:o be an

active transport consisting of trr.ro separate processes; (a) an energy-

independent facil-i-tated diffusion across the membrane uleich accou¡is for



the non-l-inear kinetics, stereospecJ-ficity, competetive inhibition and

sensj-tivity to certain inhibitors, such as ura4yl acetaie (17), followed

by (¡) an energy-dependent accumul-ation process i,o/nich accounis for
sensitivii:y to metabolic inhibitors and accurnulation against a concen-

'uration gradien'b ( 61 10,11, IZ r37 , jL r 52 r 53 r 6L) 
"

By feeding c14 compounds in the presence of common metabol-ic

inhibitors Horecker et 41" (27) nave demonstrated a high ini-tial raÌ;e

of uptake, which they attribute to facilitated diffusj-on, which decLines

rapidly presumably as a resul-t, of inhibition of the accrunuf-ation step"

According to Rosenberg and l,'iirbrandt (5tr5zr53) these properties

of i;he facilitated diffusion process can be expì-ained. only iÍ a caryier

or an enz:jr[rLe or boi;h are involved in'bhe transport. Rothstei-n (hgrSo)

has suggesi:ed that uranyl acetate, a non-penetrating specific inhibitor
for sugar transpori (4149r50) acts by inhibiting sugar phosphoryration

at 'r,he membrane surface" Evid.ence thai -r,he ura4yl ion also inhibits
the uptake of sugars that are not hexokinase substrai,es has led CiriLlo

11frr3) Lo suggest that the ion acts by inhibit,ing the operation of a

carrier system possibry invorving phosphatidic acids as carrj_ers"

Unforiwtately there is J-ittJ-e known about the mechanism of sugar

uptake by the fiLamentous fungi and comparisons wii;h better known systems

cannot be made"

ZaLokar (62) t l4athieson and Caicheside (38) and Broclcnan, de Bush

and l'Iagner (8) have investigated amino acid upbake by i;he fil-arnentous

fungus Neurospora, urhile Jones (30) and Jones and hlatson (31) have studied



uptake by Botr.y_tis fqþae.

In Botr.rbig Jones (30) round that accumulation of amino acj-ds

showed the characteris-r,ics of ac.t ive uptake - accumu-l_aiion against a
concentrat'ion gradient, saturation kineüics, inhibition by struciurally
simil-ar compounds and sensitivity t,o inhibitors which uncouple o:ci-

dative phosphoryLation' The low degree of specificity to various amino

acids shoi,rn by Neurospoze (gr3gr 6Z) and. Botrytis (30131¡ more closely
parallels the situation found in anjmal- material by Finch an¿ Hird (21-)

than that, described by cohen and tfonod (r4) i'bacteria.
very few of these ínvestigations of sugar or amino aci-d uptake

have attempted 'bo st'udy the process as it occws at the celLular level"
For example it has always been assumed that upt,ake coul-d. occur ai, ar¡y

point on a fungal mycetiw (zz), but even ihis simple assumption has

never been confirmed, since Tribe (60) and rsaac (eg) irave presented

resul-ts ivhich suggest that degradati-on of ce]_lulose by fil-amentous

fungi is associated with specialized side branches the possibility of
l-ocalization of uptake in the r4ycelium shour-d be considered ar_so"

If . TRAT\TSLO0ATTON

Until- recently the problem of translocation of food materials
bJ'fil-amentous fungi has received ver¡, l-ittle attention" It has generally
been assumed Ì;hat translocation is very closeþ associated with cytoplasmic

; stream-ing especiarþ in the mourds, (rrre) " Buu,er investigated the
'streaming in both septate and non-septate fungi and concl-uded that food.

üransl-ocation was directJ-y connected to streaming (9).



There is some evidence of bidireciional- streanring of the proto-

plasm in fungal hyphae" rn Rhizopus nig-{icans Buller (p) occasionally

observed a thin peripheral layer moving in the opposite direct,ion to

the bulk of the c¡rboplasm, while rsaac (e9) nas recentþ repor,r,ed.

evidence in RhÍzoctonia sol-ani of a movement of dry matter in one dir-
ection and implied a cou¡rter flow of fLuids in the opposi-te d.irection"

schutì;e (54) hov¡ever has been able io d.emonstrate only very l-j:n_it,ed

bi-directional translocation in Rhizopus oryzÊLe.

Lawes, Gil-bert, and 1¡trarrington (3ó) ana shantz and piemeisel (55)

were abl-e to d-etect transl-ocaiion of HZO, N2 and I( in the subtercanean

nlyceliuni of fairy rings. schutte (54) has arso conducted detail-ed

süudies on translocation of dyes in agaric fructifications and found

i;hat Lransl-ocation occurs in the direction of cytoplasn:ilc strearnlng,

although a cause and effect rel-ationship could not be demonstrated"

The translocation in mouLd fungi such as AsperåiLlus niger and

&ggf 449edo. can be measured respirometricall-y (J) since the respiration
rates of these fungi drop rapi-d.þ when they are placed in HrO" However,

thi-s method is not suitable for fungi which store food. reserv€so

schutte (Jd) has developed three slmple methods of studying the

iranslocat'ing ability of rnoulds" In these methods the fungi are grown

under condi-tions such that they must groi.r across an area of agar

deficient in an essentia-l- nutrient, AnJr moul-d that can grow across

such an area is considered to be a stransl-ocatinge fungus capable of
translocating the nutrient from an area of normal nutrient asar across



an area of agar that, l-acks the nutrj-ent. l'[ou]-ds ihat r+ere incapable of
grolnring over this deficient area were terrned enon-transl-ocatinse,

Recentþ radioactive tracers have been used exLensi-vely to si;udy

trasnlocation of ions by Rhizoctonia qolgr¡r UnZ), nlycorrhizae (40) and

several other fungi (25) 
"

Although much val-uabl-e data has been obtained from these

ments very h-tt1e is knor,m about transl-ocation at the cell-ular
the processes involved and the factors that govern it"

e>cperi-

Ievel,



I.{.ATERT.4],S A¡]D }ETHODS

r. FUi\JGUS

Rhizoctonia solani i{uhn rtras used for the eniire investigation"

This fungus was obtained from ihe stock culture (wo.R-3) coll-ecti_on

of the Botany Department of the university of tlanitoba.

II" CULTIIPü I'{EDIA

The stock cultures ruere stored on potaì;o-carrot agar (lJ), but

durJ-ng i,he course of the investigai:ion the íungus luas main-r,ained. by

successi-ve transfers at 20 - Z5oC on a sucrose pepLone meclium"

sucrose l0 g.

peptone 5 g"

IiH.pO/ 2 g,
/ ll

l4gS0,"7F^ Ã^
4 '2" ø/ 6o

H^O l_000 m]-,/

ITT. SL]DE CULTURES

a) Preparation of Sl-ides

The fungus l'ras grov\m on a nutrient, fil-m on a microscope sh-de using

a nodification of rnethods developed by Kohler (gl*), Tomkins (5g), paris

Ø5) t Pauti (46) anA Gov¡ (23) . Standard l-rr x 3'r rn-icroscope sli-des r.¡ere

sterj-l-i-zed in nutrieni agar media in a pyrex storage oish (Canj-ab 2959t+)"

They were reraovecÌ l^¡hile the agar i"¡as stil-I inol-ben, al-lol,red to drain, and

placed in a petri plate on the surface of a sol-idified layer oi L,Jfi agar

as recoümended by Gor"r (23) ana Isaac (ZB) to rnaintain a high hunuidity"
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The petri plates were then placed over HrO in a dessicator jar. A small-

quantity of copper sulfate was added to the Hro to prevent the growth of
contaninani"s, and filter paper sirips were praced. arong the sides and

dipping into the sol-utj-on to help maj-ntain the high hurn:idity, usj-ng

this procedure the thin film on the slide coul-d be kept for a nuraber of
weeks without argr visible drying occuming"

The sl-ides were inoculated toward. one end with a dlsc of inocul-um

cut with a ll2 cork borer from a 5 - 7 d.ay old cu-l-ture of R" solani

growing on sucrose-peptone.

b) rledia

For most uptake and transl-ocation experiments the sl-ides were

steriJ-ized in a medium containing;

agar 15 g.

HeO l_000 m-l_"

To iest the effect of structurally similar compounds on glucose

or gþeine the following medium was used..

test substrate 10 g.

agar !5 E"

Heo rooo nl-"

fV" }-EEDTNG

Because of the high resoluiion i;hat can be obtained ¡rith tri-
tiated compounds, grucose-ó-t (sp,act" l") rnc/mg") and gþcine-2-T
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(sp"act " 2"4 nc/mg") (Ra¿io¡j-ochemical centre, Arnherst, England) were

used for the uptake and transLocation experjments"

a) uplake

The first e:cperiments were carried out, by dipping the slide
cul-tures in a l1rc/mj-' solution of the radioactive chemical-. Considerabl_e

difficulty was eneountered r¡rith the agar film washing off the sli¿e so

the feeding procedure r¡ras modified in two hrays:

1. -4. radioactive soru.tion (lpc /rrrl.) was appried by dipping a

strip of hJhatman #f filter paper in the solution and. lavjnp.

it on the srirface of the sl_ide culture,

2" The compounds were applied in a I"5% agar block w:ith the

radioactive compound at a concentration of zw/Ttù" of agar.

I'tlith this nrethod longer feeding times were required but a
much clearer backgrou¡d cou-l_d be obtained "

b) Translocation

For transl-ocation experiments the compounds were applied in an

agar disc cut rrith a #Z cork borer rather than as a soLution to el-im_

inate the possibility of the compounds spreading along the myceli-um as

a moisture film,

The posit'ions at which the cul-tures r/Íere fed were marked by a
cjrcl-e enscribed on the slide ir-ith a diamond tipped objective moun¡ed

sLide marker"
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V" AUTORADTOGRAPHY

After feeding the radioactive compounds in the hyphae were

detected by washing the slides r,rith the fil-nr of nutrient and hyphae in

distilled HrO for 2 - 3 minutes to remove the free radioactivity from

the surface of the hyphae and the agar and then applyixg Kodak A"R.-10

autoradiographic stripping emulsion (foOai< Co", Iondon)"

The procedures described in the Kodak j-nsùruction sheets were

fol-Iowed for applyj-ng and processing the stripping emulsi-on"

An e:cposure period of 1 - 2 days was found to be ad.equate to

detect the activity present in the hyphae after a feeding peri_od. of

l-6 nrinutes (using the fil-ter paper method) or r/2 - I hour (using the

agar block method) while the background remained relatively clear"

For developing the followi-ng standard procedure was used,

Kodak D-f9b 4 minures

ûrì12, rl_nse

ualcfc-f:.xr tvrice time required for clearing

HeO rinse

The srides were then mounted in gþcerin-je[y (?) r'¡:ith no cJruo-

logical si;aining"

VI. DEf,EzuvITNATIONS OF HTPFIAL 1úIASS

Determinations of hyphal mass were inad.e l,J-ith a Dyson interference

microscope (Vickers Instruments, l"fodel_ No" Iq"Z5g5) 
"



t/

The measurements were made using r*¡hite light rrith the n-icroscope

adjusted for unifornr illumination with one coLour fringe spread. to fi1l
the entire fiel-d (maximum fringe r,adth) (267 

"

Several authors (l) have pointed out the difficul-ties of naking

total nass measurements of cells due to their irregular fcrrm" Fì:¡1gal

hyphae however are parti-cularþ suitable for these measurements because

of their sÍmple geometrical shape"

Total- mass can be readily calculated from a d.eterraination of the

mass/unit area as measured. at the thickest point by means of the formula:

l,,t n:Ø-'D-n"t' N"l+

ruhere lri = mass (pica grams)

1 : lengtfr (p)
p = optical path difference (p)
D = diameter (p)
X = 0"1-7 (specific constant)

Al-1 diameter measuremenis

piece (Vickers-Wson) (I9) 
"

The positj_ons at which ùhe

in order that the sane portion of

for the subsequent measurement of

were made i',rith an Ímage split-bing eye-

measurements rsere made ruere recorded

the nycelium could be Located again

radi.oacti-vity"

VIf, C.RATN COUNTS

For qualitative e:çeriments the radioactivity was recorded. as

present (+) or absent (-), buù for quantitative experiments grain counts

were made by counting the number of silver grains visibLe in the emulsion

above a length of hypha and subtracting from this value the nr¡aber of



ff

silver grains in a comparabl-e area in the background"
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EXPER]]'ÍE}I'f AI RESIILTS

f . UPTAIG

a) LocaLization of Upüake SJtes

F,4periments were carried out to determine whether sites for the

uptake of grucose or grycine were localized in any portion of the

r¡ycelium of Rhizocüonia solani"

Young hyphae (O - : days) on pJ_ain agar slide cultures were

fed unifornrJ¡r using the fiLt,er paper nethod and a L6 ¡¿iåute feedinp.

period"

Development after a one day exposure period showed a relatively
uniforrn distribution of silver grains in the emul-sion above the Lryphae

on all parts of the sllde with no apparent l_ocal_ization (nig" l_)"

To eliminate the effect of ar¡y translocation that might occur

from the original sites of uptake during the l-6 noinute feeding period

a shorter feeding period (Jo seconds) and a longer exposure (? aays)

was used,

Again no l-ocalization of uptake courd be detected."

b) Relati-oqship Be_tween }rrass a¡rd Uptake

Ol-der nlyceli-a (7 - U days) showed non-uniform uptake as sholçn

in Fig"2"

To deterrai-ne whether the non-uniform uptake t¡as rel-ated to the

uneven distribution of cyboplasm which occì¡rs in old.er hyphae measure-

lnents nere made of the mass per u:rit length of lo day o1d þphae before

feeding' After feeding, e>rposing and proeessing the aìnount of uptake r*as



"\." . 
l

.þ\i'...ir
d

riçune i" Un:ifor¡n distribution of
above young hyphae (O-J
feeding period" (X fOOO)

silver grains in emulsion
days) after a 16 m-inute

FïGIaE 2" Â portion of a l-o day old cultrir:e.'showing non-
uniform deposit of silver grains" (X ¡OO)
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estima.fsfl by counting the si-lver grains in the emulsion at the same

points where the densj_ty had been measured.

For the measurements of rnass, areas were selected that could

be readily identified and located again for the subsequent grain counrs

(figs " 3-6)' These areas generally showed a wid.e range in hyphal nassE

rn each field chosen, every hypha 
'oras 

measured." The resul_ts are

recorded in Table A (see Appendix)"

The rel-ationships bet'¡¡een mass and. grain count, di-ameter and

grain count, and diameter and mass are shov¡n by scaùter diagrams,

(¡'iss . 'l-g) 
"

Since the distri-butions of mass and. grain count were not normal

and since there lras an obviousþ signlficant relationshÍ-p between må,ss

and dia.neter the associations betlveen nass and grain count and dieuneter

and grain count were deter¡rined. by partial regressions using the fornr:(2)

ï=a*bl*l*b,.*z

rrhere Y=graincount

*l= rnss (pg/unit length of hypha)

xr: diameter (p)

br: regression coefficient for mass : 3"gL ! O"53

b,r= regression coefficient for diameter = I,O4 t 2"tt¿

From the standard deviations of the regression coefficients it
is elear that there j-s no detectable rel-ationship between dia¡neter and

grain eounts but there is a sÍ-gn-ificant association (e < O.O0l-) between
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}TTGURE 7, Scatter diagram show"ing relationship between
mass (x) and grain count (y) in mature
hyphae (10 days),
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FïGURE 8" Rel-ationship between dia:neter (x) and grain count
(v) 
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FIGURE 9, Belatj-onship between diameter (X) and mass (Y),
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mass and grain count"

c) CompeLetive llrhibitioq

The effect of structurally si¡r-irar compounds on the uptake of

glucose-ó-T and glycine-2-T is shown in Tab1e I.

r\ ñq/ rre-l_ncuoaELon

The effect of short periods of pre-i-ncubation with solutions of
unlabell-ed grucose or grycine on the uptake of tritiated glucose and

glycine was tested by apptying a l-% solution of the test compound in
a filter paper strip for periods of varying lengths before bhe radio-

active compound v¡as fed (tab1e Il) "

Darkening and mottl-ing of the Lryphae and. darkening of the sep¿a

rnras occasionally observed as sho¡rn i-n Fig, ro, By mounting i,rith

glycerin-je]ly, allowing a few minutes for the nountant to set and then

applying pressure sideways on the coverslip, the emuLsion courd be

displaced from the hyphae below and the darkenj-ng could. be shown to be

in the h¡rphae themselves and not in the emulsion (Fig.lr). The cause

of this darkening has not been determined, but i-t, has been confizrned.

that it does not take prace j-n the absence of the autoradiographic

emulsion or the photographic processing,

e) rnbruitolg

Several- metabol-ic inhibitors were tested by adding them to the

aqueous solution or agar block containing the radÍoactive conpound and

feeding sirnul-taneously" The resu.r.ts are sho¡vn in Table rrf,
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The Effect of
Uptake

TABLE ]
Structi:ra1ly Si:ultar Compounds on the
of Gl-ucose-6-t and Gþcine-2-T

I"fedium (Cone "L/,)

Radioactj-ve Compound
(Conc " L ltp/rrù) UpÌ;ake

Gl-ucose

Mannose

Galactose

Fructose

Ribose

Gþcine
Sucrose

Control

Glucose-6-T
rl

It

|l

It

It

¡¡

+
-L

-..t-

1-

Glycine

ALanine

Seri-ne

Sodium glutanate
Glucose

Control-

Gþcine-2-T
u

tl

u

rl

t¡

+

+



The Effect of
(rø) on the

TABI,E TI

Pre-feeding with Unlabel.led Compounds
Uptake of Glucose-6-t and Glycine-Z-T

Substrate Pre-i;reatment Uptake

Glucose-Gt (r pc/mf) Gl-ucose 1% (unl-abelled)

lt

ß

tf

n

r8

/+ nin,

I min"

16 min,

IL-
¿ ¡¡¡a

+

-f

Gþcine-2-T (1 W/tnr) Glycine fØ (unfa¡eIl-ed)

t¡

t¡

II

lt

¡¡

n

d min"

I min"

l-6 min"

lh¡

+

+
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FTGURE 10" Portion of nrycelir¡m after feeding and proeessing
shor,ring-darkening and mottLing that occasionally
oecure (xrooo)

å. portion of a sh-de on u¡hich the emulsj_on eon-
taiiring the silver gra-ins has been displaeed. side-
ways showing the darkened hyphae and the track of
silver grains to the right (focussed on hyphae)"
(x 5oo)

FÏGURE LL.
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TABUq III
The Effect of Inhibitors on the Uptake

Gl-ucose-ó-T and Glycine-2-T

Substrate Conceni;ration Uptake

Gl-ucose-ó-T

n

tl

ü

tl

t¡

(z t:r/tù) * 8-hydro>yquinoline

l- dieihyldithio carbamat e

# sodium azide

* dinitrophenol

* sodium fl-uoride

l- uranyl acetate pH 3,5

-q?*] aì /

tl

ß

3xl-0 -

M -L

+

+

-t-

+

Gþcine-2-T

ll

(Z 1te/rnl) + 8-hydro>ryquinoline

+ diethyldithiocarba¡aate

-f sodiurn azide

3x10 - lu1

t¡

il

+

IT

+
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f) Tfre Effect of DNp

Tnhibition of accumulation of glucose by DNp (3 * fO-4 M") was

measured by using grucose-u-cl4 ( ^oz 1tc/nL liquid culture)u feeding,

filtering and col-l-ecting on a fil-ter paper and. deùer¡lining the radio-
activj-ty r'¡ith a thin ¡rica end. i,¡indow Geiger-Ltu]l_er counter cor¡nected.

to a Phil-j-ps scarer, rnhibition after L hour was f6fr, but after 12

hours was 93%"

The apparent uptake of grucose-Gr in the presence of DNp
t

(3 x lo-+ I,f") which was shown by the autoradiographic mei;hod v¡as

exarnined further by relati-ng the amount of uptake (grain count) to
the measurements of mass and diameter of the hyphae (TabLe B, see

Appendix) 
"

No highþ vacuolated hyphae were measured to assure that the

diameter measurement coul-d be considered to also be a measlrre of the

surface area of the cyt,opLasm"

The results are shown in scatter diagrams (nigs, rz-r4),
since the grain count (r), rrypnal mass (2) ano hyphal dia¡neter

(3) were normalþ distributed., correl-ation coefficients r+ere calculated(2)

to tesf the association between the factors"

Grain Count/ Mass

Grain Couní/ Diameter

I{ass/Diarneter

,IZ = 0,ó0 (P < 0"001)

*f3 = 0,81- (P < 0,001)

tz3 = 0,óL (p < o"ool)

Since the mass diameter correlation rras significant these factors
were tested separatefy, eLi:ainatiqg the effect of the other by partial



FTGURE l-2" scatter diagram showing reLafionship beöirreen mass (x)
and grain count (y) in the presence of nl¡p 3xlO-4 ù,
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FIGURE i-3" Relationship between dia¡reter (X) and grain count
(Y) in the presence of DNP 3x1O-4 M,



ffi
R
È

d%.,@
€

ñeæ!

ffi\d*,
ffi
k.w

ffiBæffi4ffiffi?ffiw8ffi

ßry
ffin
ffi\#
w
æ
q
M
ü-d*
fmV mß&Mffirffiffi{tr



FIGURE L4" Relationship between dianetef (X) and mass (Y)
in the presence of DlüP 3)d0-'* M,
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correl-aij-on (2) , to give:

Grain Counlf,lass ,t2"3: O"228 (e > O"f)

Grain Count/Diameier rr - ^ ñ^F '- < 0.001-)--t --*-- --- - :-3.2 - v ø (v) \r
I

indicating thaù in the presence of DNP (3 x lO-4 t'I.) the relabionship

between grain count and diameter v¡as significant but the associaLion

between graj-n counù and nass r¡¡as l-ost.

For this experiment naiure nlyceliuirn (tO aays) rvas used since

young nyceliuur has a very high correlation beiween mass and diaineter

which would tend i:o obscure the results obtained with DIrlP,

ivfeasurements of a young rnycelium (3 aay") are shol.¡n in Tabl_e C

(see Appendi-*") and the rel-a'i;ionship bet-,'reen mass and diamei,er is shoi+n

by- a scarì;er diagran (Fig,I5).

If " TRANSLOCATIOI{

\qt

rFh a

n¡hich the

shor¡¡n in

Jv tl+¿r 9 t

Distance of Transl-ocation

furi;hest point from the area of

radj-oactivity could be detected

-/Fig"16. Three differen'i; feeding

vv l!4ÀI o

feeding (glucose-ó-f) at

in individual hyphae 1s

times were used: }J min.,

u) !!çc_s_qrsq

Grain counts were made on consecutive {Otrr lengths along ì;runk

Ìrrrnlrna f¡nm tha adoo af 1-ha faarìino eFêa ln *-ha frrn'ihaq* -nin*c ¿ivu vv uf rv ¿ qr ur¿çÐ u .|JV¿IIUù

v¡hich aci;ivi fy could be defected, for-rnrard ioward the apices and back-

ward toward the inoculum (n:-gs. l-7 and l8).



FIGURE 15" Scatter diagran shotiing reLationship between dia¡reLer
(x) an¿ mass (y) in young hyphae (3 ¿ays)"



wffip Mffi emwwsffi

@

@ø

@

@

,, E

@

@

@

@

@

@

@
@

r9



FIGURE ].ó" Distance of translocation in hyphae"

@ furthest point from feeding area at which
radioactivity could be detected in the hyphae"

Circle indicates feeding area (agar disc cut w"ith
#2 cork borer),
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FIGUBE U" The relationship between the gra:in count 40-1i,
and the distanee from the feeding area along
two selected Lqrphae"



Rffiffi
8NffiffiffiLwM @

ß

E

@@

fl"
E8e

ñê
ð6

ñ@H'
6

6

flø
I

ß*
I

Iöo
u

R
ñ

ü

ü

I
@ oo" e

"$
,fl

"ß
ti
&

'ß

.H
*ß

ü

ù4---- M$ffiW&Nffiffi FffiffiM ffiffiffiffi&ruffi AffiffiA
(mm.þ

@-&p$ffiffiffi

ffiåæ

&
H
R

&

@
@

E

@&
ffi
w
w
d@&

%E@

þ
@

Æ
d
ffiw
ffi

ffiq
ffi
ffi

€

o

o

6€
t6"@ 

"
@@

o@s €a

@
@€

a@ô@€
áo

@- €*g@-o*os

ffiæ8ffiþ



FIGURE 18, Sjsilar to Figure 1ó but taken from a differenÈ
sLide"
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0nly hyphae that were clearþ in focus (i,e", on the surface

of the agar and therefore in good contact w"ith the emulsion) along

bheir entire length were used. for the grain counts,

c) The Ef{ect gå a. Neg,r-by Sour.ge_ !,f Gl_qcose on the
t:anslocation of Glucose-ó-T

The effect of a near-by source of a relativeþ high concen-

tration (f%) og unlabe]-led glucose on the translocation of glucose-6-T

was demonsirated by pÌacing three 2 rnn, - rs'ide stri-ps of agar aeross the

sl-ide culture:

1

1ø

glucose (untaUel-ed, L%) + L"5/. agar

glucose-6-T (z W/rr]) * L,5% agar

glucose (urrtaUetled, L%) * L"5% agar

A feeding perÍod of 2 hours was used.,

The results are shom i-n Fig"Ip.

f5 mm from inoeuluro

l-8 mn from inoculum

21 ¡nn from inocu-Lum

d) Diffusion

The effect of the hyphae on a sride culture on the diffusion
through the layer of agar on the sl-ide r,ras tested by placir¡g a J uun"

disc of L"Jft agar contain-ing fluorescein on a sl-ide cuJ-tpre, leavj-ng

for three hours and then observing under u/v Ìight,. The hyphae in the

agar did not inierfere with the diffusi-on j-n any d.irection" The circu-
lar dist,ribution ob'bained is shov¡n in Fig" 20,

To deternine the effecÌ,.a small- septar pore night have on the

rate of diffusion through the c¡/coplasm of a fungal hypha the diffusi-on

of fluorescein dovm three strips of agar was studied" The strips hrere



FIGURE 19. The effect of a near-by source of reLati-veþ high
concentratíon (t/") r-lr¡Labelled glucose on the trans-
location of glucose-6-T"

@ : furthes'b poÍnt along hypha at nhich radio-
ac-i;ivity coul-d be detecied" ,,
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al]- the same clepth but differed in width: I inch, fB inch and r inch

r.'i-it'h frequent consùrictions 'vo L/8 inch" A bl-ock of agar equal to Ì;he

l'ridt'h of fhe si;rip r,,ras placed at the end of each" The sirips were ihen

placed in a petri dish and stored. over HrO in a dessica't or to prevent

drying' After one week the strips 'hrere observed. under u/v light" The

fluorescein had travel-led approximately the same di-stance in the l- inch

and 1/B i-nch s'i,rips but had been markedÌy sl orued in ihe sùrip r,,rith the

constrictions (Fig "2L) "

e) ea
l{here Uraqyl_ Ion Has -Been 4t:pl_ied"

To eli:ninafe the possibility that the glucose-6-T rn-ight be

diffusing through the agar and ùhen taken up by ihe hyphae aÌong the

way three, 2 mm' strips of agar were placed across the slide cul-ture:

uranyl acetaie (¡*ro-4 tf, pH 3"5) 1- L"Jfi agar lJ mm. fron inoculum

glucose-6-t (z p.c/ù.) + L,5% agar l-B mm. from inocul-um

ura4yl acetate (¡*ro-4 l,i, pH 3 "5) + 7"J/, agar 2l- mm" from Ínocul-um

I¿o

áø

A feeding perj-od of 2 hours hras

detected in the hyphae in and beyond

inhibited by uranyl ion,

The results are shown in FiEure

used, Radioactivity could

Lhe area v¡here uptake would

22"

ì^'a

ho



FTGURE 20' circular distribution of fruorescein dj-ffus-
ing through the agar on a slide cuJ.trrre from
a 5 mm, disc of fl_uorescein_agar plaeed on
-r,he surface,

FIGUFI 2I. The effect of frequent eonstrictions on therate of diffusion of fl-uorescej.n along stripsof agar"



FIGTME 22. Translocation of glueose-6-T through and beyond
an area in which up.bake has been inhibited Éy
uranyl acetate"

: furthes'i: poini along h¡rpha at lvhich
radi-oaciivity could be deüected"
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DISCUSS]ON

The autoradiographic method has proven suitable for the invest-

igaiion of upi;ake and translocation as it occurs ai a hyphal level

and it has been possible to si,udy several properti-es of these pheno*

mena which have previously been investigafed only in buJ-k experiments"

I. UPTAIíÐ

After short feeding periods, glucose-ó-T and glycine-2-T can

be detecied in the hyphae of Rhizocton:þ solan-i, Uniform feedi-ng

experiments indicate no l-ocalization of the cornpounds in young hyphae

(Fig"t)" Since iranslocation can be shorr'n to occur at no more l,han

30-40 1\ihr" in bhis fungus (3:) une l-ack of localization after a L/2

ntj-nuì;e feeding period indj-caùes that the uptake sites must be fess

r,h.an L5-2Op apar1,"

That i;his is an actual uptake and no-r, just adsorption on the cel-l

wall is shor,rn by the fact that the cel-ls from which the cytoplasrnic

contents have been withdrai,rrn show no activii:y (FiC"Z). As further

support of this the amount of upiake of glucose-6-T can be demonstrated

to be directly related Lo the density (mass neasurement) of the cyto-

plasm which suggests that the uptake is probably an active cyboplasm-ic

transpori rather '¡-han a passive diffusion (¡'ig,7)"

The competetive ínhibi-r,ion shov¡o betro¡een structurally similar

compounds (Tarte f) is also characteristic of an actj-ve process (t6rt7).

There appears to be a conmon pa'i:hr,'iay for the uptake of the hexoses,

glucose, galactose, fruciose and mannose but the pentose, ribose, and



q,

the disaccharide, sucrosermust have separate uptake mechanisms, This

is simi-l-ar to the results obtained rrrith marunalian tissue cul-ture cell-s

by Rickenberg and Maio (47) r,.¡ho found i;hat all the six carbon sugars

i;ested inhibited galactose uptake bu'i; i;hat ihere was no inhibition j-n

the presence of ribose or any oÍ the disaccharides that, they tested"

The fou¡ a¡rino acids tested shorrred cornpeteti-ve inhibition and

therefore probably share a conmon uptake pathway, This low degree

of specificity for ainino acids differs from ihe systems described i-n

bacteri-a (14) but resembl-es those of Botrybis (30131¡ and Neurg_spora

(8138, 6Z) ana also ani:nal tissues (et),

The possibility, that i¡rhibition of uptake in .i;he presence of

a nutri-ent at a concentration of L% might have resulted from -r,he

production of impermeabl-e walls, can be eliminated by -i;he fact i;hat

very short periods of pre-feeding r.¡ith unl-abelled glucose or gþcine

urill- inhibit the uptake of glucose-ó-t or glycine-2-T probably as a

result of the saturation of uptake sites (taO1e II),

The effects of metabol-ic inhibitors as shown in Table II sue-

gest that uptake of glucose is a two step process sj¡rilar to ì;he one

suggested for nicroorganisms and anjmal cel-l-s (1-Lr 61) and consi-sting

of an energy-independent facilitated diffusion fol-lowed by an energy-

dependent accumul-ation. The autoradiographi-c technique provides

a convenient means of testing this hypoùhesis"

The uranyl ion, a non-penelraiing, specific inhibiùor for sugar

uptake is believed to function by blocking the initial step of the
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uptake process (l*r49,5O) " If this step lvere bl-ocked no uptake could

be de-t ected by the autoradiographic emulsion and i;his is in fact the

resul-t obiai-ned when uranyl ace'bate and glucose-ó-T are applied sjmul-

taneously"

Since ihe second step in fhe uptaÌ<e process is energy-dependent

ii is sensiiive to metabol-ic inhibi-tors which uncouple oxidative

phosphorylation" The accumul-ation of glucose-U-Cf4 can be sho,¡rn to

be markedly inhibii;ed by DNP (3 x 1O-4 iui. ) ,

The auioradiographic einulsion can¡ot differentiate betlueen the

radioactive glucose which has been taken up by facil-itated diffusion

and ihat v¡hi-ch has been activeþ accumul-ated in the bulk of the

cyfoplasrn" If only i;he second step l.rere bl-oc]<ed the facilitated

diffusion would be unaffected and glucose-6-T r'¡ould be detected in the

hyphae 
"

However if the accu'nulation process -r,{ere blocked the amount of

glucose entering the facilitated diffusion shoul-d be proportional to

the number of uptake siies and therefore the surface area and the grain

count i',¡ould be e,.<pected to be related to the hyphal diameter rather

than to the density of the cyboplasm" If the acti-ve accumul-ation were

not inhibited the amount of uptake woul-d be expected to be rel-ated to

the concentration of ihe cyboplasn and therefore-i;he measu-rement of rr&sss

This is found to be ihe case (nigs" 12 and lJ) " In i;he absence

of any inhibit,ors the uptake oÍ glucose-ó-T i-s proportional to the

densi'ty, but in tire presence of DNP uptake is no longer associated with

the mass but is now directly relaied to the diameter of the hyphae.



ff. TRANSLOCATION

Although Schutte (54) r,ras

bi-directional transl-ocation in

Therefore i;he results obtained are at r- consi-stent v¡ith the

view ihat upbake is a -i;r,¡o step process consisting of an energy-

independent facil-iiafed diffusion across the membrane which accounrs

for i;he competetive inhibition and sensitivity to cerLain irùibit,ors

such as uranyl acetate, followed by an energy-dependent accumulation

process i'¡hich accounis for sensit,ivity to uncoupling of orrida-Live

phosphorylation and for accr¡nul-atíon against a concentration gradient,

able to demonstrate onJ-y very lini-ted

the fungi ì;hat he studied l,Ionson and

sudia (42) rrave shor,¡-n that ions are readiþ transiocated in either

direction in Rhizocì;onia sol-ggl, Hov¡ever a sÍmultaneoì.¿s movement in
opposite directions has been dernonstrated onry in phloern cel_l_s (¿4).

using the autoradiographic technique i-t has been possible to

show that transl-ocation of glucose in the nlyceJ-ium of &. soLani occurs

sjmul-taneousþ in al-l- directions for an approximateþ equal di-stance

from the initial- point of feeding (nig,t6)" The eÌliptical- distri-
bution of ihe sj-lver grains around the point of feeding may be explained

by the orientation of the h¡rphae" To move laterally in the mycelium

ihe radioactj-ve compounds ¡nust iravel a greater distance through the

hyphal branches i;han io move an equar distance tor¿ard the apices or

inocu.l-um along the trunk h¡phae"

Grain counts indicate i;hat i;he distribuiion of glucose-6-T along

the hyphae from ihe point of feeding is not unl-jl<e the concentrafion



tl

distribution that might, be expected

h¡rphae but the scatter is too greaù

f 
-- 

: ¡\oI õne resul-rs (-t'l-goI'// ø

resu]-t from diffusion alone the

perrlit a mathenatical anaþsis

The possibility that the glucose might be diffusing through the

agar on the sl-ide or a moisture film on the mycelium and then taken

up by the hyphae along the way may be elj-n-inated by two facts:

1, Diffusi-on of fl-uorescein through the agar film on the slide

culture i-s not affected by the presence of the h¡4phae and

i-s equal in all directions fron a circuJ-ar feeding area

(f:g.ZO), Therefore a circular distribution of the radio-

activiiy in the hyphae r,¡ould be e:çected rather than the

ellipticai- distribution obtained.

2, Activity can be detected in hyphae in and beyond an area

where uranyl ion has been applied, The '.ranyl ion has been

shol¡n i:o completeþ inhibit, any uptake of glucose (fíg"22) 
"

Therefore arly radioactivity deteci;ed in the hyphae in these

regions must have been taken up i-n an area that is not

inhibited by urar6.l ion and translocated fhrough the h¡rphae"

However it seems unlikeþ that the glucose is simpþ diffusing

through the cybopl-asm after the initial uptake. The structure of the

fungal hyphae with frequent septa with only a very small septal pore

v¡ould be e>çected to slow the diffusion to such an exbent as to make

this mechanism impossible as j-s shoum by the marked decrease in the

disiance travelled by fluorescein diffusing along an agar block rrith

'{- ^



frequent constrictions (Fig.2L).

The simplest explanaiion woul-d iherefore appear to be ihat an

active transl-ocating mechanisirL is operating"

For transl-ocai;ion in phloem cel-l-s Spanner (Sl,Sg) and Fensom (20)

have suggested an electro osmotic activated mass flor¡ r¡¡iih the seive

plate actíng as a pump. Such a system hor,¡ever cou-l-d not account for

the bi-directional transl-ocation that is found in R, sgl-.ani"

It has often been suggested that translocaiion in i;he fungi is

very closeþ associai;ed lrrith cyboplasmic streaming (9,25 r54) but, it

seems unlikely thai; i;he l-ov¡ concentration of glucose-ó-T used

(.00028 mg/mL") riould induce clcoplasmic streaning in both dlrections

from the point of feeding and near-by sources of a much hi-gher con-

centration (L%) of unl-abelled glucose do not affect i;ranslocation

(¡'ic,t9).

Isaac (e9) fras reported evid.ence of a movement of .dry rnatter in

one direction and implied a coirnterfl-ow of ftuids in the opposite

direction in the hyphae of Rhi-zoctonia solani-, Such a mechanisnr,

si¡ri-l-ar to the counter current theory proposed for anoeboid movement

by Kavanau (:e) raieht account for the sfunultaneous translocation of

glucose in both direciions from the point of feeding.
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l-. An auioradiographic method using tri-Uiated cornpounds-. auì;oradio-

graphic ernulsion and slide cul-iures has been developed, Lo study

ihe uptaice and translocaì;j-on of glucose anci glycine by !'h.lggqlqrl-ia

sol-ani ai a hyphal- J.evel-"

2" There r.,¡as found 'Lo be no locaJ-izati-on of uptake sites"

3" Uptalie r"¡as shor,rn to have properties of an aci;ive transpori; as

demonstrated by the sensi'i;ivii;y to certain inhibitors, compeie'Live

inhibiiion by siruciuralJy siLnilar coi,rpounds and saturati-on at high

concentrations "

4" The relationships be'br^¡een upiake and cybop-t-asmic density and bei;ween

upiake and diame'Ler in the presence or absence of DIIIP have j-ndicai;ed

't,ha'b glucose uptake is a ùwo-sùep processø

5 " Transl-ocaì;ion of glucose r"¡as found to occr¿r si¡iultaneously in both

directions froni. the poini of upiake and to be unaffected by feed.-

j.ng Lfr unfabel-led grucose or uraqyl acet,aie at another point on the

mr¡¡a-l i rrrnr1Ðr v v¿¿w¡r o

6. sorne of Ì;he properi;ies of normal cÌiffusion have been studied"

7 " A possible r-nechanism for transl-ocaÌ;ion has been proposed,
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Determi-rraùions
- Feeding

T.A,BLE A

of Dia¡neter, ItI,ass and
Glucose-6-T to l{ature

(10 days)

Grain Count
Hyphae

Diameter (p) I4ass (pica grarns/,¡r) Grain Count (no"/ir)

6"9

7"4

7,h
7"L
6"9

2"3

o")

7"7

6"9

6,9

5"7

5"3

Q"J

Q,Y

6"9

6"o

6"9

o"J

6,Q

6"o

6"9

OoY

l+"5

lL"9
J2"5

7'7
f0"5

l- "l
ó"Y

LO,3

5.7
Ooy

IL.9
9,5
QøY

9,6

7"2
10"3

l_2.0

9,7
9,9

A

9"7
10"8
oo

)
52

5A

1)

34

2

45

20

30

30

29

32

29

32

32

26

l+5

35

27

¿)
'l¿

45

4o
Lq



TABLE A CONTÏNUED

DianLeter (p) Mass (pica graxns/'¡x) Grain Count (no./p)

QoJ

6"3

Q'J

5"7

5"7
c17

6"9

2"1

o"J

6"9

6"9

6"9

Qø)

a"J

9"3

9"L

9"r
6"9

6"9

OøJ

o")
OI

a")

7"4

6"1+

"6
5"7

.ó

"6

-LoO

.6

2"9

6"7

¿ "ct

l_2.0

9"L

3"9

"7
L"4

A

fr"3
LT"3

L2,8

l+"5

1,1

2,8
L3.O

aô

9"2

26

2

0

32

0

0

t
6

l_

52

32

43

0

o

o

52

40

2

1t,

1J,

Ã

l+6

0

l+2
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TABLE A CONT]NUED

Diameter (p) Mass (pica grams/p) Grain Count (no./U)

7.1+

5"7

5"7

5,7
8,0

9"2

2"9

3"o

"6
5"3

42

0

n

28
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TABLE B.

DeterninaLions of Dia.meter, Mass and Grain Coirnl
- Feeding Gl-ucose-ó-T in the presence of

DI\IP 3rcIO-AM to Þfature Hyphae (fO nays)

Dianeter (p) I'Iass (pica grans/p) Grain Count (no"/tt)

o')
)øQ

6.9

6"6

6"6

6"5

Lv"3

6"9

6"6
AA

o"2

6"5
Ãl

7"5

Oø)

o"J

On)
r7 1| ø+

3'2
4"5

4"2

3,7
)" (

2"9

5"O

5,7

3"o
IoO

z"o

3.3

2"9

3"3

2"9

2"5

2"!
7"r
2"9

5"2

5"2

2"2

2,2

5"r

20

20

l-g
1¡7¿f

28

L4

20

¿L

2L

22

20
to

to

18

t4
ll

??

18

26

i-B

t_B

22
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TABLE B CONTTNUED

Diameter (p) l'{ass (pica gra.tnsftr) Grain Count (no./lù

6"h

7"3

)"o
6"4

5.9

)"o
6 "l+

("ö

OøJ

8"0

6"o

6"o

oôu

5"o
6,6

6"o

6"o

5,9

5,O

O"J

ó"9

o,6

OrI

2"8

3"5

2.7
?'i

2,8
2.9

4"2

5"2

6"u

3"5

4"3

L"2

3"2
2"9

2"9

5"O

2"O

4"L

3"9

3"7

3"5

r-8

22

IO

lq

l_o

l-5

lq

27

l.!
_L0

18

1n11

v
21

'ìo

1B

10

L¿

L9

23

23

ta
'ìo
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TABLE C

Determination of Diarneter and Mass in Young Hyphae
(3 daYs)

Diameter (p) ÞIass (pica grans/p)

l-0.2

LO.2

t) øÈl

7"3

L5 "8
8"5

9.8
9'8
È1 ø()

8"0

8.o

è1 eU

8.0
l-0,2

LO"2

5,8
8"3

9"8

LO.2

oÊ

10,0

10"5

9"5

5,5

9"8

5"5
L7 "3
L6"7

ff ,4
6.7

l+"6

l_0.2

L7 "2
L7 "2
lo"ó

5"8

5.8

Y.O

l6"7
L6,7

5"7

fl"4
u"7
IO"I

L4"7

15 "4
IO"O

13 "5
3.3
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TABLE C CONTINUED

Dia:neter (p) lrtass (pica erams/p)

9"5

9"5

l_0"2

8"0

f0"5
l_0 "5
ê"
8"0

8"0

l_0"0

9'O

9"o

9"8

5.5
dó(] o(f

10"0

10"0

8"8

9"5

9"3
o4

9"0

9"8

l? o

l-i_"o

16.1

10,7

L7 "l+
L7,l+

fJ- "o
10"7

L3"O

f4'o
13 "7
13 "7
L5,7

o"J

l-2,0

t7 "4
L7 "4
L2"O

13.8

l-2,3

u"g
l.L"9

L4"3


