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SUM M ARY

The distribution o f  phenols in uninfected and m ycorrhizal Eucalyptus fustigata  roo ts has 
bcc:; examined by amplication o f  a range o f  histochem ical tests to  th in  sections.

Tlu' vncuolos o f  most c:ip cells and many epiderm al cells o f K. fastigata m ycorrhizas 
coiiloin cunsiJcrablc quanlitic!; ot pUcnolic niiilcriais. Cap cclls o f uninfcctcd fine roots 
similarly contain  m aterials w ith the staining properties o f phenols, b u t uninfected roo t epi- 
dennal cells rarely do. It is -suggested th a t accum ulation o f  phenols in the epiderm al cells o f 
mycoiThizas is a response to  th e  presence o f  the fungal sym biont. F u rther evidence is pro­
vided that the hyphae o f  th e  fungal sym biont penetrate and grow through th e  phenolic 
'naterials o f the o u te r roo t cap cells. No evidence was found to  suggest th a t these areas 
contain appreciable quantities o f polysaccharide.

riii'i\i‘is WOK* iilso dctci'Unl in llu’ i-nilotlcrmis and ou term ost layer o f  cortical cclls. 
Jmijici) un Djrir slaif?in^ jcacUons, iJjfsc scoii) lo  l>e clicnjlciilly diffvrcnl fron) tJ)osc o f the 
c«p nr.ii fpidcrm is. They arc present in b o th  m ycorrhizal and uninfcctcd roo ts, b u t appear 
muclr (<> (he (Ip in th;* (onucr. T)?c o u te r layer o f  cor(lc«l cclls Jias otJier .specialized 
tcaturcs, including tlie presence o f a suberin layer in th e  walls, which arc characteristic o f 
nature d ifffrentiafed  endoderm al cells in  E. fastigata. These features are d iscu*ad  from  the 
viewpoint thnt the outer  cortical layer acts as a barrier to  fu rther hyphal penetration  in 
eucalypt mycorrhizas.

INTRODUCTION

.\pronin:nt but little understood feature of ectomycorrhizas is the accumulation of brown 
'vjlliln luiuiy ofilu' j>eiiplic’'iil cclls of the hosi, 'Micsc nintorials are usually referred 

!o ;'s ‘’aiiuins' unj aic liicrcl'oic picsuincd, on liulc ical cvldcnco, lo be phciiollc in imlurc. 
A raugc of j-'henoKs Iiave been extracted and identified from pine mycorrhizas (Hillis e ta l, 

Hillis and bhikura, 1^6*5). but it lias not been possible to equate any of these with the 
frequently obscrs-ed ‘brown materials’ o f the mycorrhizal ‘tannin-layer’ (Foster and Marks, 

M.irks ni\d Foster, 1973). Mon*over. cxtractable phenols were also found in uninfected 
rinc roots, aibcit in tatijcr lesser aincunls. Viewed under the eleclron microscope (Foster 
lui Mu'k'«. il»v Manniii-byer’ appears as prominent cicctron-opaquc zones in sections 

.i\ a ami sriMv-d wuli ti'lio.vidc or with jxii.issiuin pe(maiiii,aMsilc and lead saUs.
Siituljr oiiMjoj’-opmiiu’ mai«‘rj;jJ is also prv.sent in sonic cortical cells of uninfected roots. 
y .'\ \  M'l I-,' 'I'l i I ’J ' i '  ’-.uyi'i.sti-il til ii liosi 'aniiins funclion as a Itiologlcul scrcfii.



such that only fungi tolerant to these compounds can eiuer into a symb'ctic rciatiouslû * 
with the host plant.

Examination o f eucalypt mycorrhizas with the electron microscopc fChilvers, I9f8) 
showed osmium tctroxlde-staioed, cicctron-opaqiic m;iierial in ;hc vricunlos ofr'-'ot c.ip;in4 
epidermal cclls. 'Hie deposits were dis>inillar in apj>o;iraticc i.i the two -ell types. In 
epidermal ceils it took on a dispersed granular appearance or appeared U> piocipilalc oiii 
along thc'tonoplast, but the material in root cap cclls appeared homogeneous thruui îo'.i(. 
Chilvers (1968) suggested that these materials were tannins. Marks and Fosrei (1973) coir- 
menting on these fmdings., agreed that the electron-opaque materia! in cpidcmial ceils (ffo:n 
which the fungus is excluded) was similar to the materials m pine 'tannin-cells’ bui suggested 
that the contents o f the eucalypt root-cap cells (througli which the myccrriiizal fungus was 
observed to grow quite readily) might be polysaccharide in nature rather than phenolic. The, 
present hisiochcmicai study was carried out in an attempt to cbrify this point, and lo com­
pare llio disinhutioii of phenolic miilcriah in tnycoiilu/as .iiid iniliirccicd finr rui)l.<> of 
Eucalyptus fastigala Deane and Maiden. O

MATERIALS AND METHODS

Mycorrhizas and uninfected roots of Eucalyptus fasligata we:e colleclcd from poUgrowii 
seedlings in spring and early autumn. Most roots were fixed in 8% aqueous acrolein for 20 h 
at 0*C, then dehydrated, embedded in glycol mcthacrytale (GMA) and sectioned ai des­
cribed by Feder and O'Brien (1968). Some of the root segments were post-fixed in ICft 
mercuric chloride before dehydration, to stabilize polyphenols (\!cCully, 1966). GMA- 
cnil>eddcd sccliuiis were taken tliruugli the following lil:>U>chciuici(l '(Utiiun ,̂ [>ruci'iltiteii.

Reactions to demonstroti! phenols

(a) Toluidine Blue. (Feder and O’Brien, 1968). Sections treated with Toluidine Blue 0 
in 0.1 M ac«atc buffer, pH 4.4, stain a variety o f colours, depending upon the macro- 
molecules present. The presence o f phenolic substances is indicaiod by a greenish-blue to 
green colouration, which persists at low pH (O'Brien, Feder and McCully, 1^64; Ramalingam 
and Ravindranath, 1970).

(b j I'crric clikmde. (Johansen, 1940; Mncc, 1963 <lij;!iily modified). lO'-l avjucou' 
ferric chloride or 10% ferric chloride in 95% eihanol were Hooded onto sections for 10 miti 
or more. Materials containing phenols aie reported to stain bluish-colour a:> a rcsuh oftli*' 
formation o f a complex iron salt (Seikcl, 1964).

(c) Vanillin test. (Modified from Hawker ct al. 1972). Sections were dry heated on 
slides at ISO^C for S mins before treatment with a freshly saturated solution of vanillin Li 
concentrated HG. A red colour is produced when aldehyde groups in the vanillin condersc 
with phenols in the tissue.

(d)MiUun's reagent. (Modified from Baker, 1956). Sections were heated in an aciilincd 
5% aqueous solution o f mercuric sulphate or mercuric acetate tor 10 inins at 40^C follOA'ed 
by the addition o f 0.5% sodium nitrite. Coloured nhroso derivatives of any phenols contain­
ed in the tissues should then become evident.



fi’l Hocpfner-Voraan reagent. (Reeve, 1951). 2 ml o f 10% sodium nitrite were mixed 
wiih '• ml of 10% aceuc aciU on t!)0 section and replaced, after 3 mins, with 4 ml of 2 N 
st'tliur.i hydroxide soiuti )n. The action of the nitrous acid on a phenol produces a nitroso 
derivative wriicli forms u coloured salt on addition of the base.

(f) ( J f b b 's huhphciiol test. (Zugibc, 1970). Scclions were ircaled for 10-15 min with a
0.1% solution of 2,6-dichbroquinone chloroimide in veronal buffer at pH 9.2. A colour 
iii'Ciloii. wiHili u'.iy ho t'lituinivil hy tcpl'UiiU' oriyiniil soliHlDti willi 5% NIIiOII nml
leaving for a further 10 niiii* to form the blue sah of indophenol, indicates the presence of 
phcnolics or other aromatic ring compounds.

(!’} Diarotiztd p-nirroaniline. (Lillie, 1965). Sections were mounted in a freshly pre­
pared 5 niM solution of di;iiotizcd p-nllioaiiiline in veronal buffer at pll 8.0,TIjc aroinalic 
nng of piienols or aromatic amines couples spontaneously with the diazonium salt to
l»<iKjii(V :i .»/«' tlytv

(hf ri trii70ii7<\l ('•ilhiiiMilint'. Sections were trciiU'il wllh 0,2% lPUiizoti/,fO o-difnv 
isidine in verona! bui'fcr of pH 9.2 for 5 min, rinsed briefly 0.1 N HCl followed by water, 
then poi^t-coupled with a saturated solution of j5-naphthol in the same veronal buffer 
(Burstoiic. 1955). A brown*colotired ;izo dye is produced by the above in reaction with 
piienols or other aromatic ring compounds.

Tests for reducing substanccs

(i) rerric-ferricy,anide reaction. (Lillie and Donaldson, 1974). Sections were treated 
with a mixture of \% ferric chloride and 1% potassium ferricyanide in 2 N acetic acid (pII
2.^5) lor 5 -10  iitin, hi iho prcsoncc uC rodii(.'h»g snbslitttces. some of llic cxccss I’cnlc louj. 
wil’ be reduced to the ferrous state, leading to the fonnation of the blue ferro-ferricyanide
(Turnbull's Bbe).

(ji Reduction o f  silver nitrate (WUdi, 1951. Kunoh and Akai, 1969). Sections were 
>'ovcrcd with To!len‘s r.olulion equal volutucs of 0.2 N silver nitrate, 2 N ammonium 
hydioxide and 10% sodium hydroxide) or just 10% aqueous silvernitratc. In both cases, any 

subsuiucos prcM. nl in the tissue shuuki lend to the ibrnialion of a black niclallic 
silver prucipitate.

(k) rr(i>i<fut. (K.unoh and Akal, 1969). SccUous were flooded wllh a 1:1
mixture of Fehliiig s solutions A and B, then heated. A brown deposit of metallic copper 
iiiOicatcs the presence o f reducing substances.

Reactions to demonstrate protein

(I) Acid Fuchsin. (Foder and O'Brien, 1968). Sections were stained with 0.005% acid 
fuch în in ]% .iqupous acetic acid for 10 mins to demonstrate proteins. This provides a 
UNcfv! U'si t»> disi-iliiunnti. hciwccn phenols iiiul «rom;iuc :unino ncids, sincc only the latter 
sli’in.



(m) Nafihthol Blue BlacK (Fisher, 196S). Sections, were stained 1% NapMhol Blue 
Black in 7% acetic acid for 10 mins at room temperature, ajid then ci[!»cr ringed with"7 î 
acetic acid followed by distilled watar or distilled water aJone. This staining procedure, 
based on that used by Fisher for Epon sections, also gives c'ccellcnt results with GMA 
sections.

Reactions fo r  carbohydrates

(n) Periodic Acid-Schiff Stain. The PAS procedure for i!u* o{'ciuhohvtlailo<i
was cmricil oiU as desciiboU by IvJcr and 0*Uricn (I96S), oxvept prc-!rcui,..ctii wltli 
2,4-dinitrophcnylhydrazinc was extended to 2 h in order to completely bk îck ibe aldoiiy(?.: 
groups already in tissue prior to periodate oxidation. Sonic seciior.s wcro pre-ireateJ wilii 
concentrated bromine solution (Jensen, 1962) to block ajiy unsaturated double bonds 
in lipids which might break to form aldehyde groups under the influence of the pctiodic av-id 
oxidation and hcnce give a false positive reaction with tiie Schifl's reapi'nt.

Areas of the tissue which stained in the PAS reaction after blockadc wil)i either 2,4- 
dinirrophenylhydrazinc or bromine, but which did not slain in coiiiroL (wliliom 
oxidation) wi-io considered to be FAS pt)sitive. Furilior proof ihut 1:2 v.lyC‘>5 jiroiipsaic 
involved in \\\<i UAS reaction was obtained by pfc-licaimcni of j w c l i o n s  foi 45 n iin sw itV i 

acetic anhydride (13 ml acctic anhydride in 20 ml pyridine), winch block the hydroxy] 
groups (McManus and Cason, 1950).

(oj Alcian Blue. (Lev and Spicer, 1964). Sections were .staired with Aiclan Blue 8GX 
at either pH 2.5 or pH 1.0, according to the method of Lev and Spiccr (1964). At pH 2.5 
both carboxyl and sulphate groups o f acid mucopolysaccharides stain but at pH 1.0, which is 
below the pK o f  carboxyl groups, only sulphated polysaccharides stain.

Lipid stain

(l>) Sudan black B. (Hearse, ll£}8 ). Sections were stained for 5 minutes in a saturat<;d 
solution o f Sudan black B in 70% ethanol, rinsed briefly in 70% ethanol, and moiinted in 
^yccrol-gciatin.

Fluorescence microscopy
Fluorescence microscopy was used to investigate the autofhiorcsconce of the phenols 

present. Unstained sections were viewed and plioingraplicd by incident iii’lu fluiirosccncc 
microscopy, using a Zeiss Universal Microscopc, with an HDO 20u W/4 knnp iind various 
exciter and barrier filler combinations. Tlie best results were obtaiiied with the following 
filter combination; UGl UV-trarwmittent black glass, FT 420 chromatic splitter and LP418 
colourless UV bwrrier filter.

RESULTS

The contents o f  fungal hyphae and epidermal cells of the host were generally well preserved 
in both o f the fixation and embedding procedures used» but the cells of the mycorrhiza! 
cortex, particularly those o f the outer cortcx. wore diffioiiU to llx nnd were rjotiiienily 
damaged. A few roots failed to impregnate properly in the stelar region. Post-fixalionwiili



Mj’Clj. after acroldn fixation, did not change either th : appearance o f the tissues or the 
histochcnical rcaction.s,

Mtwi o f jIic histocliejiiicaf procedures gave satisfactory colour reactions when applied to 
OMA-cinhcddcd sections. Lxccptions were Millon’s reagent (d) and Gibb's indophenol test 
if} wlilcli I'.avc (>nly vciy weak coUmiij. aiui conscquonlly results of douKiful vahic. Some of 
iIjc olhci tcsls wcie tjuil*.* destructive of llie sections (e.g. Viinillin /c j , 1‘eblings iea§,ct)tfkj) 
which were consequently difficult to photograpli satisfactorily. The specific observations arc 
divided into sections below, according to the tissues examined.

Root cap ceUs

Mycorrhizas. The cap cells o f m y^rrhi?as contained large quantities o f mate'rial which 
jf.iified 3 .<(ronf? grcctn^Ii-b!ne with Toluidine B5uc at pH 4.4 (Plate I, Nos. 1 and 2). This 
oilour persisted at pH ) .0 when the purple staimng of the cytoplasm-filled hyphac and meri- 
stc.iufic cells was totally suppressed (Plate 2, No. 10). The appearance of the material varied 
Iji iliffciciu icyions oi '.he root owp. hi the innci cap cells il was distinctly Uwatcd in the 
vacuoles and often had a dispersed finely granular appcarance (Plate 1, No. 2), while in the 
C’jter cap cells it was much more homogeneous and filled most of the ccU lumen. The 
intensity of staining with Toluidine Blue in the outermost cap cells was greater than in the 
mner cap cells. Tl^eie '^•ere a few exceptions where the inner cap cells had contents more 
cliaractcristic of outer cap cells and vice versa, and also in a few cases the material of ‘homo­
geneous’ appcarancc was rounded up into globules of various sizes.

Tire iiKiJorial wliioli s:aifioJ with Tahndific Blue, also stained in six out o f seven other 
histiKUciiiical tcsu (b-h) sensitive to phenols or other aromatic ring compoimds. Tlie 
cxcq>tioii W.T5 Millon's rcajiont (J). wlii.:h was judged lo be an un.'?alisfaclory test anyway. 
The response to the Hocpfner-Vorsatz test fe} ', is shown in Plate 2, No. 5. The contents of 
nway of the tap  colls were also quite reactive in tests (i-k) indicating the presence ofteduc- 
inp siibsiances. The sunning resulting from the reduction of silver nitrate is shown in Plate
2, No. 7. The staining in the root cap cells was not uniform. The contents of inner cap cells 
stained a yellowish colour, wiiich was not much different from staining in the cytoplasm of 
;ho root nieristematic cells, while the homoijeneous material in outer cap cells stained 
brcv.n. Tlus iini'hc'? that the capacity o f the phenolic material to act as a reducing sub- 
Jiamv l.'5 prentci in the outer cjip cells. Such difrerences in intensity o f staining between 
c 'lilcnts oC Inner and outer cap cells were also Mbtained with some o f tjic other staining 
rcacliorts. Witli Ki'cvc s Hoepfncr-Von;au rcacllon, shown in Plate 2, No. 5, Uic contents of 
the outer cap colls ag.iin stained more intensely than inner cap cell contents, while with 
ietrazoti/.cd o-dianisidine, on th.e other hand, staining of the inner cap cell contents was 
greater than that of the outer cap cell contents (Plate 2, No. 8 ). The cap cell contents did 
' -)t icact w i t h  protein stains indicating that aromatic amino acids are not responsible 
'cf the pos-.Uvc staining reactions indicating plienols (Hale 2, No. 9). Penetration of tiic 
,’iicuolie m;itorial in the outer cap ceils by fungal hyphac was commonly observed in the 
•! xnrt!u/;;s c\aniir.oo (lor cxautplc sco Plato I . No. 2, and Plate 2. Nos. 5 and 10).

Iv.'actions \vit)» various carbohyd-'aie Mains mdicated tiiat tljc vacuolar contents o f the 
iO'»! ca|> ivlls did not contain appr.'.iabte annnmls of polysaccharide. With PAS reagents the 
.v.i.-'wns were conipl'ix. liic i)h.c;.ol ifseif is very Schiff positive (i.e. It stains with Schiffs 
r-?-2‘nt v.ithoj: p''->icd;.s. oxidation). 'Ihc SchiiT-positivc groups are very difficult to block 
v;d r'*quir'. at jeasi 2 Ji i-eatmcn: witl'. 2.4-cinjtrophenylhydrazine for complete blockade.



A further complication was that in incompletely blocked sections, Ihe ir.U'nsity ol'stajr..: t' 
increased afteV periodate oxidation. The basis \)f this ^ iio i undcrstoocu in:, sincc 
occur:! in iticoiii[)lcicl/ bloci^cJ iiuiicit;*!, ii must be iissuniot! hi* dtu. i ; > .!< 
staining of SchilT-posilivc groups already present, rather than iiUroductii n ol' new iliteliyuCi 
from 1:2 glycol groups In polysaccharidcs. After adctiiiaio blockadc, irCuinicnt witli pcrioJic 
acid did not introduce new aldehyde, groups from oxidation of 1:2 glycols, and the v;icuoi:ir 
material often stained a yellow to reddish brown colour following the PAS reaciicu, 
presumably as a result o f oxidation of the phenol, but this colour was readily distinguislied 
from the magenta colour of the complex formed between Schiffs reagent and free aWc- 
hydes. 71115 indicates that the vacuoles do not contain neutral polysaccharides in signitlcant 
quantities. It also illustrates the need for extreme caic in interpreting the I’AS reaction.

Not ail polysaccliaridcs arc l*AS-positivo. Charjicii.'iisliciilty. many aciJ mucopolv* 
saccharides however, also gave negative results. Witli basic dyes, such ns loluidinc Blue.aciii 
groups o f polysaccharides stain metachromacically. Although liiis reaction is often inaskcd 
when phenols are present, it may be eiilianced so that it is visible even In the presence of 
phenols by’ mounting the sections in water. There was no evidence of pink metachroniatic 
staining, even in water-mounted sections. Similarly, the vacuolar contents did not nonnblly 
stain with'alcian blue. It is unlikely that a polysaccharide would be present in any quantity 
and not stain in one or other of these tests. Finally the vacuolar contents were not “ixtractcd 
with any o f a wide range o f carbohydrate-digesting enzymes which wero applied to mycor- 
rhizal sections, although some o f  these enzymes removed all the starch and cell wall mclcfial 
from the sccllon.

There was a wcll>dcvcloped layer of phenol-staining material in the inner region of the 
fungal sheath, just external to tljc epidermal c e l ls  of the root (Plate 1, No. 1; Hale 3, Nos. 
11-16). At low magnification, the layer appeared to be more or less coiiiinuous over ti:c 
root surface (Plate 1, No. 1), but at higher niagnit'ications it was seen to consist ofdiscroio 
areas o f pjienol-staining material, through which the fungus was growing (Hale 3, Nô . IN 
16). The staining (in tests a~k) and physical appearance of material in these areas was similar 
to that in the outer cap cells o f mycorrhizas and all the cap cells of uninfected roots, exccpt 
that in most tests the areas stained more intensely than the outer root cap cell5 , e.g., with 
Toluidine Blue (Plate 1, No. 2). tetrazotized o-dianisidine, and the siK’er nifniti* reaction, 
The ;ippcaruncc, staining and shape of liicsc atoas, and thcif cjulluully with thi- iiHil cap, 
suggested that most o f them were the remains of outer root cap cells in the p ro c e s s  of being 
disorganised.

Uninfected roots. The root caps of uninfected fine roots were veiy much largsr than 
mycorrhizal root caps, there being many more layers of cells in the cap (compare Plate 1, 
Nos. 1 and 2 with Nos. 3 and 4). Almost all of the cap cells had contents which stained in a' 
similar way to the mycorrhizal cap-celi contents already described, in ail fourteen tests. In 
most cells the material could be seen to be located in the cell vacuoles, and as in myccrrhlzis 
its apiKamncc varied fruiu oell to coll (Plaie 1, No. 'I), lit [),oiK’nil. h o w m .. in .t io ii iii  uf 
homogeneous appcarance, similar to that seen in outer cap cells of mycorrhizns, [iicdoniuiai* 
ed and there was no clear-cut distinction between vacuolar content.? of inner and outer cap 
cclls as In inycuirhi/as. Kcsults with a range of staining reactions (a-k) sug ;̂estcO th.it the 
compounds in the vacuoles of uninfected root cap cells were similar to those in n iycorrh i7.£l 

tap cclls and were phenolic in nature (e.g..compare Plate I, Nos. 2 and 4, aiid Plato 2, Nos. S 
and 6 ). As in mycorrhizas, the vacuolar contents did not stain with protein or carbohydrate



siains fl-o j, indicatinp, that neither protein nor polysaccharide was present in luitocheinically
Jv:'‘ctablo amounts.

Remains of collapsod root cap cclls sliowing hislochcniical reaclions for phenols were 
wiikI ailhcring to the n o t siirfacc at quite considerable distances from the root tip.

l.p J i'n n t:! r c lh

Mycorrlnzns. The ladlally elonptod epidernjal cclls o f many mycorrhizas also con* 
laliicd >nuU‘il,iI jii ihc!; vscih^lcs whi^h stained a p.reenish-blue colour with Toluidlnc Blue, 
>»uii or wiihoui an acid rinse (,1’lalc 3. Nos. 11 and 12). Tlicse had the same dispersed
j;fanular upi>carancc as the clcctron-opaque osmium-stained material in epidermal cells
viewed in the electron microscope, previously described by Chilvers (1968). The appearance 
of these vacuolar contents varieci considerably in different mycorrhizas, and in some they 
were ab^iit altogether. The reason for this is not certain, but from the range o f mycorrhizas 
^irdiso it did seem, that tlic preisence c>f such materials was typical of activ<;ly growing 
m .'rorrjiizas col’ccted du ini; the period of peak growtli, and that they were absent in apices 
col’cctcd ai times of limited growth.

As wv!l as tlicir grcenislhblue acid-pcrsio.tcnt staining with Toluldinc Blue, the materials in 
tlu' opidcrnKil ccll vncnolos also nave positive reactions in the various other histochemical 
tests for phenols (b^h) and in addition were shown by tests fl-k)  to be reducing subslanccs. 
Tlicy did not read with protein stains (l-ni} and their staining reactions with carbohydrate 
stains (n-o/ were identical to those o f  the root cap vacuolar contents so it is concluded also 
that they-do not contain polysaccharide.

UnhtfccieJ roots. The epidermal cells o f uninfected roots did not show the strting 
j'*)slilve u*«ction for jilicnolic CDnipovnids tluU characterized the epidermal ceils of
myi’oiihi/ns. h\ ymini; epidonnal cells, at least up to 2 mm from the root lip (an equivalent 
ilh'ic.ko fioin iIk' lip [n iIh> R'ltion oMiinliK'd in myconhi/.as), Ihcrc wsift no cvidoncc ih:it 
plicnols were present. Truccs of phciu>ls uio evontuitlly iiccunmlulcd In liiu vucuoicK in much 
older epidermal cells (e.g. in regions about 10 cm from the root tip) but their appearance is 
miilo <JllU'H'ni lioni phonoU Indnccd In the niycnrrhiwil epidermis (Plate 4, No. 17). The 
walls also become ligniRed in older epidcnnal cells and eventually they collapse.

Outer cortical cclls

y,ycorrhizui. The outer layer of cortical cells in E ucalyp tus fastigata  mycorrhizas is a 
Mi'.pijc luyisr of cells which is diffeientiaicd both morphologically and histochemically from 
Ittc oilier ci'IIh ui ilii’ r«MU, TlWs liiyir luisboon rol'ciii'il lo iis ;m ‘oxodurMiU’ nr ‘hypiulyrrnlH’ 
(see Esau. 1965, p. 487). The staining characteristics of the walls o f many cclls in this layer
i. dicated that they are quite specialised in comparison with the inner layers o f the cortex, 
lor instance, in differentiated cortical cells near the tip of slower growing mycorrhizas, a 
»ei/ thin layer m the region of (he wall around each cell stained blue with Toluidine Blue 
s»?;'c*'.iiig t)ia: phenoU are present. This is difficult to distinguish from the very heavily 

Lv)l r{>iilcni,s dcscribi’d bcli)w. cxccpi in cclls which have been dama^’cd during 
fi‘ -.iinp. and civ.bcdding, wh^re fhe cell contei\ts have contracted away from the walls (Plate 
'i. No. 1 Vi. Si!*i;hulv. a llun layer In the wall around cach outer cortical cell stained black 
’.vi'ji Su-'ai; Clack H iiuUcating that a lipid layer was present (Plate 4, No. 20). This suggested



that there was a ‘subcrin' layer in the walls of iiuiiy of ilie outer corneal colh iii iliis rcgi<'i. 
of tJie root. The layer was continuous around the entire cell bur its exact locaiion in tiie waii 
in relationship to the phenol*staining layer could not be resolved in the l.ght !nis.roscope.

Most outer cortical cells also had contents which gave a positive reaction in some of la: 
tests for phenols, With Toluidinc Blue at pH 4.4, a band of nv.iujlal aromid llv? cel! peri­
phery slHhii'.i! »h-cp hhic, which was q n i ic  iliffcrcni from th e  j ; ! 'v n i s h  hiis*, .MainiiK of liic 

roul-cap phmiols cinhcddcd in llio sheaiii (I'iatc .1, No. 15 and 4, No. l')}or iIk’ ('vci!\- 
ing cpidennal cells when these also contained phenols. The outer conical octls were ijeiicrJly 
poorly fixed and in most eases cytoplasmic material could not he resolved from uutcrul 
around the periphery of the vacuo!e (e.g. Plate 3, No. 15; Hale 4, Nu. 18). In a few Icsi 
poorly fixed ceils the phenol-staining material was prcdoniinumly in the vacuole, prcci 
pitated as a thin layer around the tonoplast. It seems most likely that during tlxaiioii the 
phenol-staining materials have leaked from the vacuole and bccome absorbed througlioui 
cytoplasm^ producing secondary staining of cytoplasm and nucleus.

The band o f  material which stained blue with Toluidjne Blue at pi 14.4 rotaincd itsbUw 
colour at low pll (Plalc 4. No. 19). It also jvivc Rood po.sijjve icactions wtili several oi \\w 
olher hislochoniicul lc.sts for phones- However, ditlcrcnces in coiom and derive of 
in many o f these reactions suggc.sled that tiie maicrinl has adifrcreiit chemical nature from 
the phenolic compounds in the cap and epidermal cclls. For insuucc ii tave sUoiiger colouis 
with azo-coupling reactions (g and h} and in two of the leactions for reducing subsiaticcs 
(I and }). In addition it has a strong reducing action on osmium tetroxide, and a very higli 
affinity for lead salts, as shown in the lead sulphide reaction fsee Plate I . No. 3, Ashford, 
Ling-Lee and Chilvers, 1975). On ihe other hand the mateiial did not stain in t e s t s a n c !  
e. There was no reaction with either o f the protein stains (I and m/, nor witli the PAS 
p ro c e d u re T l\e m a te r ia l did, however, give a strong staining reaction with Alciaii Bhiei'oj. 
The sigiiincanco of liils Is puiiilcci out below.

In the outer cortical cells described above, the materials giving a positive leaclioit with 
Toluidine Blue occurred exclusively around the periphery of the cell; central regions of the 
vacuole were free o f staining (Plate 3, No. 15; Plate 4, Nos. 18 and 19). Outer cortical ccils 
o f this description were chacactet^tically found in slow-growing mycorrhizas (where the 
epidermal cell vacuoles were free of phenols). In contrast, in actively growing m>coTrhi2as, 
(which contained large amounts of plienolic material in epidermal cell vacuolos), the 
vacuoles of many o f the outer cortical cells were filled with a-diffuse material whirh gave 
staining reactions characteristic o f an acidic compound, most probably a polysaccharide. Tlic 
material stained paie purple with Toluidinc Blue, pH 4.4, (Plate 3, No. 11) aud blue with 
Alcian Blue, pU -.5 . Both o f ti»csc colour reactions were suppiossed ,\\ low pll. OcSls m v  
lahiing this diffuse material soineiimeshad the blue-slainingband of mute rial around ihoicll 
periphery (Hate 3,*No. 11), but more often lacked this feaiurc, It appears likely thnt the 
Alcian Blue reaction o f the diffuse material and the peripheral hand arc due to one and the 
same polysaccluride material, distributed throughout the vacuole on some occasiotts aiu 
precipitated.out along the tonoplast in others. The laucv phenomenon appears to relate to 
the presence of phenols. A combined precipitate of polysaccliaride and phenols would 
explain well the particularly intense blue colour developed with Toluidine Blue, which could 
result from the additive effects of the purplish-bliio motiiohromasy developed with the acidic 
poiysacci\aridc and ihe greenish-blue mctachromasy developed with phenols. Ranialingaiii 
and Kavindranath (1970) noted a similar blue.reaction wilh avtiftcial mixtures of iiuica- 
polysaccliaridcs and phenols.



Uninfi'crcd roots. In uuinfecled roots, at a siinilar distance back from the lip as the 
outer corticitl celh examined in mycorrhizas, the outer cortical layer of uninfected roots was 
ii\ very eav'y stages of diflcrcntiatlon. and did not show any of the ipecial features of this 
byr- described in mycorrliizas. However, in older, more differentiated, regions o f the roots, 
as shown in l*latc 4, Nos, 17 and 21. the outer cortical cells have very similar features to the 
out«: wortical cclU o f inycotihizal roots. Staining with Sudan Black B indicated that a thin 
lipid iiiyci was present in (he wali (Plate 4. No. 21). Similarly, staining with Toluidine Blue 
pH 4,4 showed a narrow biigiU-bkie band around the ccll peiiplicry, which could be resolved 

somv plrtsmolysod celis into a bond in the inner wall region and a band ass<Kiated with 
ibc cyioplasdj (i ‘aio ■!. Nu. P ) , hi iKkiilmii. iiii :iciii polyvK’duiriiki wi(fi idciillail siiihitng 
reactions to that in many of the outer cortical cells of fast growing mycorrhizas, also 
occuircd in outer coitical cells of uninfected roots (compare Platct 4, No. 17 with Plate 3, 
No. ]1 ) .

Imwr coriica! cells
Chilvijrs and Pryor (I96S) drew attention to the thickening of radial and innet 

(aiigcniial wjIN uf itio iimci coilinil iclts of ilHToreiiiiji(cil rt'glt'ns t»fctialypi mycorrhizas. 
With Toluidine Blue, these wails stained pale purple in regions approximately 2 mm from the 

l't|» fmilu'i hiirV tbo inyi'orrhi/a Ihey siaineiS pale Rteen, s«iy»es1ing that phenols, 
probably lignin, had been incorporated into the ccll wall. Chilvcrs and Fryor (!9&5j did not 
fiiul ihesc in uninfected roots and so concluded that they were a special feature o f mycor* 
rhizas. However, further examination of mure mature regions of a range of uninfcctcd roots 
has sJiown that the inner cortical ccUs of these also possess similar thickening o f the irmer 
ijngential ami radial walls (Hate 4. No, 17). Frequently the outer tangential walls were also 
ihickened as well.

Thet'ndodennis
In i!io region e.\.irnincd In greatest Q iail (approx. 2 mm from the root tip) the endo- 

tennis in ‘J I'Hscd p\'p»!:vliun o!' a lls . li\ 8on\c ccllft w»s a
distinct jTasparian strip in ihe radial walls, while otiier cells were.surrounded by a continuous 
ihin layer of lipiJ-staiiiing material (stained wiili Sudan Black B) suggesting that a subcrin 
iamcUa was present in the wal's (Plate 4, No. 20). Most of the endodermal cells were filled 
A'ijh maferjiUs wiih th** staining properiies of phenols (Plate 4, No. 19) but the physical 
appearance and staming oi' tiiis niutcjiai was diri'orcitl tn dlfi'cictil cclis. hi cclls with 
'.'nsparian strips, the phenolic material was similar in staining characteristics to that in epi- 
ilomial coll vacuolos (cuiuimro I'late *1. NOv 1‘̂  wUli I1u((j No> I2)v!( was homoj-cnemisw 
\'c:y Hnely granular, and stained a pale green-blue colour with Toluidine Blue pH 4.4, This 

:li‘' wlliiro vjhMH'lo. In cpIN wiih suhcrin bnu'lhe the phenolic material was 
iiioMly prcolpi'aliMl at Ujc lonophisl in a thick liumoBcnco\is buml. WUii 'lolnUllnc tJhte. 
both at pH 4.4 ujkI 1.0. this band stained a sitnilar deep blue to the band of phcnolic 
juitlcriul iirmind tlK’ ccll peripher>' of the outer cortical cells (Plate 4, No. 19). There was also 
similarity in ihc stainijig ot both of tlicse bands in o lhtr tests. In older regions of mypor- 
rh;z33 a ^ rfre j’ pioportion of t.Ke endodermal cells were o f the second type and in many of 
these tlicre was evidence also that the purple staining acid polysaccharide, characteristic of 
outer conical cells, was beginnin.i? to accumulate.

The presence of phenoli iii (he v:)cuo!os of endoderniai cells is not an exclusive feature of 
iiyc:>rrlii2al root'i. In regions of uuinfcctcd lools, an equivalent distance from the root tip



of the regions cxammed in mycorrliizas, tlic endoderinis was only i» early st.igcs ol differ' 
entiaiior\, and the cells did not contain phenol-staining materials. However, in olucr, moifc 
differentiated regions, most of the endudermal cclls had developed a subcrin bmeila t?lat: 4. 
No, 21). Phenolic material was also precipitated in a band ulong the tonooiasi :n n-iny of 
these cells, and in addition a diffuse purplish staining, indicative of the presence of <<n ficid 
polysaccharidc, also occurred throughout ilic vacuolc. Tluis, in suinitig propcitios am' 
appearance, the contents of these endodermal cells were very similar lo the contents of 
mature endodermal ccils of mycorihiziis which hnd already developed a subcrin lamell.i in 
(Jicif wails (also to tiic contents of most outer cortical cc)!s in liilit region uf ujuifccicd riH<>.\, 
and o f some outer cortical ccils in inycorrhizas).

Fluore^ence microscopy
Data from fluorescence microscopy supported the observations with other stains. Witl. 

the filter combination described in the methods section, the residual root cap cells some dis­
tance back from the cap fluoresced a bright salmon colour, which was identical to thf 
fluorescence of the phenols in outer cclls whhin the cap itself. This could be ilistinguish')<i 
readily from the deeper orange fluorcsccnco of llic cpidc-rnial ccll vacuol.ir coniciUs, when 
present, and tiie weak yeIlowish>grecn fluoresccnce of the contents of some outer cortiai 
cells. In contrast to the yellow fluorescence inside the cells, the walls of outer cortical ccUs 
fluoresced a bright blue, an identical colour to the fluorcsccncc orxylciu thickenings in t!ic 
same section. Thus, the phenols located in different areas of the section all exhibit 
characteristic and difTerent fluorescence colours, suggesting that there are at least minor 
differences in their chemical composition. A photomicrograph o f fluorcsocnce in the outer 
layers o f a mycorrhizal root section is shown in Plate 3> No. 16. There is also fluorescence ir 
the fungal cell walls, for example in the Hartig net region, but this has not been ’nvcstigated 
further.

DISCUSSION

This appears to  be the first time that tlJC distribution of pl\enols in mycorThi/.as has been 
examined by histochcmical methods. The histochemical approach has been successful In 'hai 
it has given information about the phenol content o f individual cells in different tissue.̂  of 
uninrcctodand luycorrhizal roots, information which is not available from classical cxiraci' 
ion and analysis procedures.

While individual staining reactions arc not always specific enough by themselves to give 
unequivocal evidence o f the presence of phenols, a positive result with several different rests 
can be taken as pood evidence That phenols arc present in that location. This criterion was 
readily satlsllcd ihrougliout the present stuJy uiid it is dear that piiomUs aic vvkicly dhul' 
butcd through the tissues of both mycorrhizas and urdnfcctcd roots of Eucalypiui

In mycorrhiias, phenols arc present in the vacuoles of root cap cells, cpidcvm-.il cells, 
outer cortex, endodermis, some cells o f the stele, and also as deposiis embedded in the 
fungal sheath, derived from root cap cells. With the prominent exception of those in the epi­
dermal cell vacuoles, these phenols do not seem to  be induced by infection with the fungus, 
as they are present in the same tissues of uninfected roots. However, in mycorrhizas phenols 
appear right up to the root tip in all the above tissues, whereas in uninfccted roots, with ilie 
exception of the root cap itself, they do not start to build up until some considerable 
disrnncc back from the tip, so thnt Ihc ro(it tip is relniively free of plicnols. This 
difference seems to be based un differences ui tlic relative rales of growth unj dlH'oi'cii<



tiatiun: in the slower growing mycorrhizas differentiated tissue extends closer to the root tip 
than in umnfectcd root*.

Tl.c properties of pi'.enols in tissues of mycorrhizas arc invariably the same as
[liosc of plicnols in ilic s;iine tissues o f uninfcctcd roots. In contrast, phenols in difrcrcnl 
tiss.iH!s oftl\c tool, svIictUcr mUnfcclcd or mycorrhi/.al.Ravc different stuininii reactions.
Dui.s, whlk (licic w a s  a ^tcul Ocul of similarity uinong the stnining reactions of phenols in 
the outer ro4)t cap cclis, the rcsiilges o f root cap cclls embedded in the mantle and in the 
epidemtai cells o f mycopfhizas; phenols of outer cortical and some endodermal cells gave 
quite a different ?et of reactions to tJicse.

AJtKougU we may concludc tliat. phenolics which stain differently are likely to be chemic­
ally different, the re%'CTse is not necessarily true. Most of the staining reactions used in histo* 
c'lemistry indicate only broad similarities in chemical structure, such as the presence o f a 
pl’vcno! rinji or o f strongly rcJuciiig groups. Therefore when stalvilng reactions are the same it 
cannot ncccssarily be assumed lhai the compounds wQl be cliemically identical. This 
lignnicnt can be applied to the comparison between the phenols in the root cap and 

ocil vhcvioIcs. Thus, wldlc tiwir si;u»lnu rcHcUnns luo very similar, Ihtrc t>rc subtle 
diffeiences in fluorescence emission (salmon-pink versus orange colour) which suggests the 
possibility that there mtsht be sU ^ t differences in chemical composition. The vacuolar 
niitcrials of root cap and cpiderm:il cclls also differ somewhat in physical appearance (homo­
geneous versus granular deposits), a point made previously by Chilvers (1968) on the basis of 
cl'ictrof M\icioscapc obscr ';Ui<’«ns, and rccaUcd by Marks and Foster (1973) when criticising 
l.ii siJi’ycsiion that tlicso were both 'lannin-like' (i.e. pltcnolic) materials. Tliey emphasized, 
qutic ccrrot:ily, that cU'i;tr()n opacity following osmium tetraoxidc and uranyl Ion trcnlment 
h  a r.uhcT  n o n - s p o u if i t  s in in ih j ', r e a c t io n  that docs not of itself prove that these mateilnls 
WI.MC phciioiic, :iik1 th o y  offered an alternative view that the electron dense materials o f the 

» eucalypi. root cap wore quite diffcient from those o f the epidermal cclls, being 
polysacch.irides rather llian phenols. The present study strongly reaffirms the earlier view 

i  ((hilvcrs. I96S), s in c e  both the root cap and epidermal materials gave strongly positive 
kslIis \sith a number of histochemical tests for common classes of polysaccharide. If any 
p c 'ly s a tc h a r id c s  arc pres’.nl in these vacuolar materials at all, they must occur there at quite 
lo-.v oon-jentrations.

Co between the histochemical properties of the phcnoUc materials embedded in
tlif Mifici SiU’ai)j (dto 'taHni:! l.iy^ t̂' of other authors, e.g. Marks and Foster. 1973) and those 
of the luaioriiii filling the outer cap cclis, have lent support to the contention (Chilvers, 

limi !l'o former :ue doiivrd from ibc hiUcr, Tho pmicrn of histochcmlwl rcaclions 
and tijo tluorcsccnce colour is identical for both, and in median longitudinal sections stained t  
for phenols the cap tissue at the tip is clearly continuous with the layer o f  phenolic deposits 
iunning back along the fianks of the mycorrhiza. Based on observations with the electron 
microscope, Chilvers (196S) concluded that hyphae o f the inner sheath grow through and 
Rubdivido ihc cup cclls lo producc these fvagmc!\tary residues. With the contrasting ttaining 
ind’duccd by'Tolwidlne Blue (paic-purplo hypluic compared with greenish-blue cap cell 
coutenfs) funR;d penetration o f the cap cclls and these residues was observed frequently in 
ih c  p io .^cn t study, I'ho fad that this occurs is significant. 1‘hcnoHc materials arc frequently 
implicated in dofcncc mechanisnr. of plants against invading fungi (KDc, 1972) but the evi- 
vlcncc from ’.Ik present paper and the earlier study by Chilvers (1968) suggests that the 
phi'iiulic materials in the root cap colls do not olTcr any resistance lo invasion by the rnycor- 
rhizal fungi o i  eucalypts. This does not, however, rule out the su^estion made by Marks and
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EXPLANATION 01‘ PLATES 

C‘ IM.ATi- 1

LungiluiUnul scctluiu lliro iig ii inycurrhU:il aiiJ utiliircctci} roul tips stulni-il u-itli 'IciluUlt’o 
Blue at pH 4.4- (T ip orientated towards top o f pa^c).

N*j. I.  Mycorrhlzal n in i Jiliowln|» p.ciKMldi'<(iibufU>ii o f  KreonUii UUu' iCtlui il i f  
Up rc^oH (X 350). RC »= ou lct laycts o f  c«>«i cap, T  «  plicuol ( ’ Itinftlii*) Liyct ia liuicr 
sheath region, M =  putplo stained meristeiu> St =  developing stele. Near the apex, the 
phenolic material in some outer cap cells haa shrunk during embedding, leaving culourles.s 
gaps between ccll contents and walls.

No. 2. Portion o f  mycorrhizal cap region magnified further to shew the different appearance 
o f  phenols in different layen (X 1100). S =  fungal sheath tissue, T, =  granubr phenols dis­
persed through vacuoles o f  inner cap cells, T , =  homogeneous phenols apparently lllling the 
liin ien o f  »nucr n»p ciOU, T i =  iii'irp  Inu-ihply sliiinpd phnuiln i>f <*n|» (v l l i  nr losidnon ol'iMp 
lell.') jso liilc il within (lie filmuiii. ‘j lit* y&lutlsk InJic<i(cs otic u f  tltiuo liyplt^ic which tiavo ^<ciie- 
trated an outer cap ccll. I

No. 3. Uninfcctc-d rw it tip  showing Rtncrnl rtistrihuUon plienohCX IRft). M =  metistem,
T  — intensely stained phenols in the vacuoles u f  periphcul cap cells (the white tipped 
atcows puint to  fluttcncd. drawn out cap uoIU on ihu flanks).

No. 4. Portion o f  uninfcctcd cap region at higher mapnificntion (X 950), T  -  honu>i;v'ncoiiJ 
phenolic contents o f cap cells, arrows»  nuclei and cytoplasmic lining o f cap cclls dis­
tinguished by a purple staining reaction from tlie  grecnish-blue stained phenols, nsterisks ^  
unevenly precipitated phenols o f  some Icadinp cap cells, P «  polysaccharide sltmc.

PLATE 2

Kout-cup ccllx near lo  tip o f  mycorrhi/,:is and iin nninluclcd ronl, variously siaitu'd l<> 
demonstrate prcscucc o f  phenols (X 9S0). ( I 'ip  o ricnu icd  towards tup u f page; M (uori* 
stem. S « sheath.)

No. 5. Mycorrhizal root cap li.'iiuc sioincd w ith Iloepfiitv-Voi'saty rcasonis, R C «  Inner I’up 
cclls w ith  stained vacuolar phenols. Unstained fungal ii.s.siie (nxtcrisks) show up dearly wlicre 

' they grow through the more deeply stained vacuolar contents o f  outer cap cell».

No. 6. Unirvfcciwl roo t e^p tissue stained w ith  H otp fne i'V orsau rtagsnts. T  *  deeply 
stained phenolic contents o f  the cap cell vacuoles.

No. 7..Mycorrhlzal root cap tissue stained w ith silver nitrate solution. The contents u f  most 
cells, including those o f  the inner root cap (RC), stained a non-spccific dull yellow colour, 
but ilic  outer I'up ccllfi sliiined brown, iiu lirn tinK fl Kr<'i>-<'r rtului'ijon polen{i.il.

No. 8. Mycurrhizal too t cap tissue stained w ith tetrazotized o-d)anisidme. Contents o f the 
inner cap cells and a th in band around the periphery o f the ou'cer cap cclU stained red. Itleri- 
stematic cells and the remainder o f the outer cap cclls stained yellow.

No. 9. M yw itth ita l too t cap tissue stained w ith  N&phthol Bluc-BUck-a protein stain. In 
conttiist to  the dark hyphal and memtematic cell contents, the root cap cell contents (RC) 
are completely unstained.

No. 10. Myoorrhizal root cap tissues stained w ith Toluldine Blue ar pH 1-0. Grccnish-blue 
staining o f  the cap cell phenolics persisted but purple cytoplasmic staining was suppressed,



comp:ircd w itli ttiu same stainc at p if 4.4. Asterisks indicate unstained fungal hyphao penc* 
ira iinp ihroiig li cap cfU plionolic material.

P L A T li3 .

Mctlian longiuidlnal scciions o f ihc epidermal and' oulcr cortical region o f mycorriiizas, 
appro.\imatcIy I  mm back from thu apex, stained in various ways to  demonstrate the 
prescrvcc o f  phenols (X 950). (Orientated w ith  tip  towards le ft, f\Jngal sheath towards top, 
o f  p;ige). r  =  epidermal cell, C =  outer cortical ceil.

No. 11. Section o f an active mycorrhiza stained w ith  Toluidine Blue at pH 4.4. Granular 
matcriai dispersed -Uirou|h vacuoles o f  epidermal cells stained greenlsh-bhie, faidicating 
phenols. Vacuoles o f  mosi outer cortical cells were filled w ith  a diffuse, mirplc-staining 

and 'x irdcw d by a dark blue stained band around the periphery.

No. 12. Scv-iioii u f iin :»ciivc tnyoorrlii/a stain«! w ith Toluidine Blue at pH 1.0. Tljenolic 
malcThU o l too! cap lesiUucs, epidcn’iial vacuulcs, pctjp lK ry o f  Ihe outer corlittal «elK, and 
vnciiole o l the ondodormn ( fn ) .  ;ili stained {:recni!(h*blue or blue; no purple staining was 
evident. 1 tic otitet cu riiru l cclts wcro (llslorlcd uiul iHH'rIy Hxt'il in lliM xvclion. Asterisks a  
hypljae w ith in  root cap residues.

No. 13. Section o f  an aetivc mycorrhiza stained w ith silver nitrate. Epidermal cell vacuolar 
contents and root cap residues embedded in tlie siieoth (arrows) stained brown.

No. 14. Section o f  active mycorrhiza stained w ith  lioepfner-Vorsatz r e a c ts .  Root cap 
residues and vacuolar contents o f  epidermal cells stained red; outer cortical cd l contents did 
not.

No. 15. Sevtion o f  slow Rrowlng mycorrliizn sKiincd with Toluidine Blue at p l l  4.4 (compare 
w ith  No. 11). There were no phenols in the epiderni. I cell vacuole.'! and no diffuse purple 

maU'fi.il in ilic  vutuoios ol' oulor cortical cells, but there was a pcrip licn l band o f 
O.iik I'luo sdiiniiiK uirrows) Involving the cylopliisni tit^l iiuelcus (n).

No. 16. I-luon;<eencc micrograph o f  a similar region to No. 15, taken w ith  U G l, FT 42 and 
!.P 418 filte r combination and an HBO 200 U .V, lamp. The root cap residues fltioresced i  
siilmon colour, tlie Iiyphal wall.s o f  the HartiR net a yellow colour, the wads o f  the outer 
(.^rticai cells a o''i.';}»t Muo. and there was a weak yellow-green lluorcsccnce tliroughoul 
the vactiole o f  some outer cortical cells. The epidermiil cells o f  this section contained no 
vacuolar phenols: 'vhcrt th e «  ate present they fluoresce deep orange.

PLATE 4.

Transvifrse sfc;ions o f  mycorrhizal and uninfected roots to illustrate the similarities b’e- 
Iwvvn (he cndtHicrnn.'i n»d outer c«>rtex In both. =s epidermis, C =  outer cortex, Ci =» 

C 'r t i 'v ,  t ; n  '  o f u l i ' i l e t i n h . )  ^

No. 17. Section o f  a» utiij^fccled root tafcen several mm back from the tip , stained w ith  
Toluiihne Blue at pH 4.4 (x  650). Most outer cortical cells show diffuse (purple) staining 
throughout t!ie vacuole; one which does not. has a band o f dark blue stained material 
associated wiTh the cytoplasm which has plisniolysed away from the wall (smaU arrows).
Some eiidodcrmol ce!!s (En) have pur;>le stained material throughout the vacuole and a 
iliirk liluo >fninc(l band :rr<»und the periplicry o f the ccll.

No. 18. Hiph powof view o f  outer coiticnl a ’ lls o f  mycorrl'Iza stained w ith  to lu ldhe  blue at 
pII 4 A (X 1600), A t the points indicated by the two arrows, the cytoplasm lias torn away 
t'roin the cell wnll. I ’:uk (t)Iue) stained phenols can be teen to occur both in this cytoplasm
:iiul :is a (liiii bund witiiiii (he inner wiill rc^i'^).

No. 19. .''ceiion o f  n m yeorrliiia  itaincd with Tolukline Ulue ut p ll 1.0 (X 6.^0). Most outer 
I'urticiil celH and liuH' o f the eiuIuJernml cells (arrowed) Itjd  a dark blue stained band o f 
material around the ncriphery. Other endodcnnal cells (asterisked) contained fiiic  granular 
vacuolar contents which stained a pale frcenish-blue. One endodermal cell and .one outer 
cortical cell (C,) did not ?ivc any reaction fo r phenols. T  *  phenolic material o f  root cap 
residues.
No. 20. Another section o f  the same mycorrhiza taken close (8 Mm away) to that shown in



No. )9  »lK>vfi und :itnli)ei) with Sudnn }lt:n:k R (X 750). A s(fli:K\l liiyc'r o f l i i ' i . l  i i i i i i i ’ iiiti 
uucurs in ilic Wiill o f  iiiusl oulur curticuJ cclis udJ iialf ol' llic cndc^ucnnnl a l l s  (uiruvvcd). 
OUicr cnilodcrmal cclU (astcri&kod) ajtpcaicJ u> Itavc CiNpatian $uips but tUcsu Jo not stmw 
up in  ihir, photograph. The sa»K ccUs sppwr m llio  cniii-vdctmU shryvvn in No, 19 a»u» N.->. 
2D, anJ are siniil^irly bbctled to fnc iliu tc  compjrisoii. Note that iitoitt o f Ihu ccUs whIj .i 
lip id  wall layer aiso l>avc a pcriplicrul buixl o f  plicnollc muftrlal.

No. 31. Section o f  uninfected root stained w ith Sudan Bbck B (X 750). Outer cortical ceii> 
and most endodermal cells had a stained layer o f  lip id  material in the walls (arrows').

i/-

(«VBBKn ncSLARCH IN i» Iin H li 
0 <  I M i i A  U S ttA H )<

P 2 5 5

30-3- I98S




