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ABSTRACT
FACULTY OF SCIENCE
BOTANY

Doctor of Philospphy
MECHANISMS FOR THE INFECTION OF POTATC TUBERS BY THE
SOFT ROT ORGANISM. ERWINIA CAROTOVCRA VAR.

ATROSTPTICA (VAN HALL) HOLLAND, AND ASSOCIATED DEFENCE

MFCHANISMS.
By Roland Thomas Victor Fox.
The increasing losses of potato tubers in storage due
to soft rot spoilage have emphasised the need for
detailed studies of the entry and spread of the
pathogen and the action of the defence mechanisms of
the potato at an ultrastrusztural level..

fwestudies have shown that the tuber may be infected
through fresh wounds or lenticels under conditions of
high relative humidity, providing sufficient inoculum
is present and, in the case of lenticels, the conditions
before inoculation have been suitable.

The effects of the environment on the physical
barriers and consequently bacterial spread are compleX.
Observation of the formation of suberin und melanin at

the infection interface h&we shown that the former mey



hinder bacterial spread: the role of the latter is more
obscure.

Light microscopy has shown that the pattern of
initial colonisation is highly temperature dependant.
Colonisation through lenticels is quicker at first than
through fresh wounds probably due to the differences in
anatomy, although quantitatively large amounts of
inoculum are involved in the latter under most conditions.

Once inside the tuber the bacterium spreads through
the storage parenchyma as zoned colonies aligned in one
direction during the early stages, but after the host
cells have been macerated the cells of the pathogen
become uniformly distributed between the petato cells.

Vascular spread is less common, and the bacteria are
enclosed in the xylem and phloem by the suberised,
clcsely packed cells of the vascular parenchyma, although
some pectolysis and subsequent melanin formation occurs
outside the bundles for distances of up to 500 u¥

Tissue degradation involves the destruction of the
cytoplasm, as well as the cell wall. Characteristically
membrane rupture is associated with the enlargement of
microbodies. Although cells containing calcium oxalate
monohydrate are colonised intracellularly, the crystals
do not appear to be utilised.

The significance of these findings in relation to the



disease as a whole are discussed, and possible practical
implications for the grower and user of potatoes are

considered.,
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Introductione.

Blackleg and soft rot of potato tubers, caused by

Erwinia carotovora var. atroseptica (van Hall) Holland,

are important diseases of growlng and stored potatoes
respectively wherever this crop is grown, and have generated
many problems of both practical and academic interest.

The history of the taxonomy and nomenclature of this
organism is rether confused, but *soft rot! is now
recognised as being caused almost exclusively by this
variety of the widespread plant pathogen. However it appears
that the identification tests used at present are equivocal
and there is no adequate pathogenicity test yet devised
(Graham, 1964 j;Moustarfa,1966 ;Logan,1965).

Very little work has been concerned with the ecology of

E.c., var, atroseptica and arntagonistic organisms such as

Pseudomonas spp. (Waksman & Woodruff,1940). It seems unlikely

that E.c, var. atroseptica everwinters in the soil (Logan,

196€), and the tuber appears to be the main means by which
the disease survives from one season to the next. Infected
mother tubers may breakdown to release inoculum whioh causes
lenticel infection after wet weather (Pérombelon,1969). The
mechanisms by which lenticel and fresh wound infection

occur has been studied in this investigation, with particular

reference to the environmental conditions necessary.,
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It has been suggested that once the bacteria enter the
potato tuber their spread may be checked either by a
suberin barrier (Rudd Jones & Dowson,l1950), or an oxidised
polyphenol barrier (Lovrekovich,Lovrekovich & Stahmann,
1967). The spatial relationships of these barriers were
investigated at a cellular level using an electron
microscope during this study, in order to obtain evidence
of their possible mode of action.

The practical problems invoved in storing potatoes in
bulk are often made more acute due to incomplete knowledge
of the history of the crop, its state of infection if
this 1s not visible to the naked eye, and the exact
environmental conditions at different positions in the
store. This often means that the exact condltions before
and after inoculation are not known with any degree of
accuracy. Because of the small scale of this investigation,
the exacu ¢cnditions before and after inoculation and
subsequent infection are known, as they were controlled
as was infection itself.

The importance of producing disease free stocks is
emphasised by the fact that infection appears to be
spread by infected tubers, and that the contfol or
monitoring of the storage environment appears most
costly and difficult.

The rol~ of the various organisms involved in the
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secondary colonisation of E.c. van atroseptica rots

is not clean Whether these or Erwinla are latent, and
vhether vther orgcnisms play a significant part in soft
rotting, is not known although Hollis (1851) has isolated

Bacillus megatherium from storage parenchyma egd vascular

tissue of healthy tubers.Bacillus spp. and their behaviour
in the potato tissue after soft rotting are discussed in
this investigation. The mode of spread of E.o. var.

atreseptica through the tissue has not hither to hreme-been

definitely known; although Smith (1905) suggested that
intercellular spread was likely he was faced with the
difficulties of section thickness and resolution insepar~
able from light microscopy. Vascular spread has been an
enigma which has been recorded but not studied. Both forms
of spread are examined and discussed in the present
investigation.

The enzymology of the infection has generated much research
(Wood,1967). The effect of bacterial action on the cytoplasm
has recgéved much less attention than the enzymes of
cell wall degradation, which is unfortunate since a
great deal of economic loss is due to the decomposition
cf the cytoplasm causing tainting of wninfected tubers.

The process of cytoplasmic damage is described at the

ultrastructural level in this investigation.

The nature of E.8, var. atroseptica as a pathogenic
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organism, the channels for infection that exist in the
potato, and the conditions under which they can be utilised
have been investigated by experimnental methods together
with concurrent electron microscope studies. In the same
way the initlael colonisation of the potato tuber and the
spread of infection leading to tissue degradation and
incitment of the host defence mechanisms were investigated
by these complementary methods.

The ultrastructure of potato soft rot has not recelved
adequate study, perhaps owlng to the difficulties involved
in preserving even uninfected potato tissue. The preserv-
ation difficulties are due to the large size of the
storage parenchyma cells, the presence of starch which is
not compatible with glutaraldehyde fixation, and the large
vacuoles which make isotonic fixation essential. The
problems involved in filxing soft rotted tissue are enhanced
by the special requirements of the bacteria (Kellenberger,
Ryter & Séchaud,1958), as well as the slimey, watery nature
of the soft rotted tissue which makes dehydration difficult.
The lack of study of this aspect of soft rotted tissue was
urfortunate as electron microscopy can provide evidence
concerning the nature of several features of the disease
syndrome such as cytoplasmic damage, vascular spread, the
nature of tissue braskdown, host defence mechanisms, and

secondary colonisation not obtainable. by other methodse.
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vetaile of these processes at the ultrastructural level
together with the experimental context in which they occur

form a large part of this investigation.



PART 1l; The pathogen,
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Part l.- The nature of the pathogen.

Introduction,

Erwinia carotovora'var,atroseptica has bheen intensively

studied from many viewpoints which differ from that taken
in this investigation, including taxoncmic,,ecologioceal,
biochemical, and physiological aspects, all of which have
a bearing on the mechanisms for infection and associated

defence barriers.

1. Taxonomy.

The rather confused taxonomic history of Erwinia

carotovora has been &iscussed elsewhere at length(Leach,1930Db

iMalcomson, 1959; Rudd Jones,1960; Graham, 1964; Hellmers &
Dowson,1953; Logan 1965). For the present investigation

the name Erwinia carotovora var. atroseptica (van Hall)

Holland has been suggested for the blackleg organism,
following Graham (1964).

Inoculation of potato slices,the sucrose test (Moustarfa
1966), medium and serological tests have shown that amoung

Erwinia carotovora isolates from soft rotted potatoes

var. atroseptica is most common.Pérombelon (1967) using

253 isolates found that 83% were var. atroseptica, 14%

var. carotovora and 3% var. aroidcae.



2. Ecology.

Neither Graham (1958) nor Logan (1968) accept that inoculum

of Erwinia carotovora over winters in British soils, but

Leach (1930a) has suggested that it does so in Minnesota

and can survive desiccation.

The inoculum which initiates blackleg outbreaks in the
field may be due to the breakdown of an infected mother
seed tuber (Perombelon 1969).However, from the evidence of
those responsible for the introduction of clean seed stock;
free from blackleg, (Wight ,1969) it appears that ﬁgiiﬁﬁéﬁﬁzl
e infection is considerably reduced when planting takes
place in areas with a history of the disease, but in
'virgin'soil almost no infection occurs.It is of course
impossible to prove that over wintering in the soill does not
play a part in the sourees of inoculum initiating blackleg
and soft rot..It is certain that the storage of seed and
ware potatoes under inappropriate condltions must play a
n~jor part in the incidence and spread of the dlsease (Paton
1969).

At harvest time inoculum already present in the field
may be transmitted to healthy tubers by farm machlinery,
and Lellint (1969) has suggested that the sterilisation
of farm machinery may reduce this method of spread ;
such procedures are carried out in the U.S.A. against

Corynebacterium sepedonicum. The part played by insects,
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nematodes, slugs, and fungi in producing wounds and as
vectors for Erwinia has been discussed by many workers
(RuddJones,1948; Leach,l1930b;Butler & Jones,1949).

Growth cracks due to the metabolic reaction of the tuber
to high levels of nitrogen fertilizers (Harper & Boyd 1963)
and mechanical damage by rough handling after harvesting
present ‘e bacterium with a habitat to colonise.

3. The etiology of the disease.

This aspect has been covered AWM. (gmith,1905;
Stapp,1961;Dowson,1957 ;Butler & Jones 1949.)

4.Biochemistry.

Because of its pectolytic enzymes Erwinia has attracted
workers in this field; the purification of these enzymes
and the effect on plant tissues and substrates have been
investigated from biochemical and ultrastructural aspects.
(Wood ,1955; Wood,1967;Murant & Wood 1957;Starr & Moren,l962;

Calonge ,Byrde & Fielding,1968).

The interreaction between the pectelytic enzymes and
the polyphenols of the host potato halg been studied by
Lovrekovich,Lovrekovich & Stehmann,1967,using purified
enzyme preparations,as well as the pathogen; they suggest
thaet a fblack infection barrier! results in both cases,

The exact pectolytic properties of the enzymes of the
pathogen are yet to be histochemically tested on potato

tissue at an ultrastructural level,



5. Morphelogy.

Little attention has been paid to the morphology of
Erwinia ; the flagellation nas been described under the
electron microscope by Speights,Hughes,Horne & Halliwelly
(1967) who platinum/palladium shadowed an air dried isolate

from a tomato stem rot atitributed to BE.carotovora var.

Eifotovora, which measured 1.0 - 1.8 jym x 0.7 - 0.8 um,
with 8 - 10 flagella. This number of flagella does not
fall within the light microscope results for this species
guoted elsewhere (Dowson,l957;Breed et al.,1957).

Materials & Methods.

In order to examine the external fcatures and flagella of

Erwfnia carotovora var. atroseptica , an 18 h culture

from nutrient broth incubated at 25'C in a shaker,
was air dried on carbon films on copper 200 grids, et
and these preparations were shadowéd with platinum/palladiumh
The internal structure of the bacteria was examined
using the orthodox Xellenserger method for bacteria,
(Kellenberger,Ryter and Séchaud,1958);agar - araldite
embedded 18 h, shake culture (nutrient broth maintained
at 25'C) bacteria were used,
Erwinla cells present in soft rotted tissue were
prepared for examination under the electron microscope
by a specially modified method described below.This was

found by first atteunptizg to use glutaraldehyde fixatlon
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but this was rejected in favour of the modified schedule
on two points; it distorted the bacterial cells completely
and caused violent shrinkage in the starch grains of the
host cells of the potato tuber.

Fixation and embedding schedule modified for soft rotted

potato tissue.

Blocks of tissue with one dimension not more than 1 mm,
were cut from the infected tuber.
1) Fix overnight in 1 ml of 1% csmic acid in Kellenberger
buffer plus 5% sucrose.
2) Wash twice in Kellaperger buffer,
3) Dehydrate in ethanol, ending in 1 h in absolute
alcohol with 1 g silica gel added.
4) Embed in the orthodox way (Kay et al. 1965) but allow
3 days in 50:50 1:2 epoypropane/araldite mixture.
5) Polymerise at 50'C in a disposable 100 ml beaker
with large surface area for 3 - 5 days.Subdivide before
ultratoming, or cut for light microscope on sledge microtome.,
By using this schedule for fixation and embedding,the
particular disadvantages of soft rotted potato tissue
can be overcome.
Results.,

i.Shadowed Preparations.

In the strain used in this investigation

only four flagella were seen and these were peritrichous.



~11~

The same result was obtained by light microscopy using
Bailey's method.

Plate 1.1 shows a Pt/Pd shadowed carbon replica of an
15 h culture, some cells are more rodlike(?late l.a)and
dividing cells are also present(plate 103) Negative
staining with phosphotungstic acid confirmed the general
picture.Fimbrae were seen on some cells (plate 1.4),
these were not seen on the air dried preparations,
which were shadowed.All the shadowed bacteria show
a characteristic rough surface.

ji.Sections.

Kellenberger fixed, double embedded bacteria of the
same strain and cultured in the same way,also showed
a characteristic *wrinkled* nature to the cell wall,
(plate 1.5) which suggests that as well as being
diagnostic this character is probably not an artifact.
Similar corrugations but there even more pronounced

wWere seen in Bordetella preparations by Richter & Kress

(1967), but otherwise such & cell wall seems uncommon.
The shape and nature of the Brwinla cell is typicdlly
gram negative in the way the rods are slightly pointed,
indicating that cell division is by'pinching off!' rather
than by cross wall formation.The structure of the cell
wall also corresponds to the gram negative type, with «

thickness of only about 7.5 nm compared with 35 nm for



some bacteria described by Glauert (1962) in her review
article.

Neither glycogen nor intracytoplasmic membranes were
seen; the cytoplasm is evenly granular with a plasma
membrane of about 7.5 nm, and the chromosome is compact
and well filled.,These diagnostic characters prove very
useful when secondary colonisation is considered (part 7),
and would possibly be of taxonomic value if sufficient
faots were known about the other members of the genus.
However,as Stapp (1961) points out individual variation
in cell size is possible and may be controlled to a large
extent by environmental conditions.Plate 1.6 shows cells
grown at 59C3 it can be seen that this variation in size
does not affect the dilagnostic characters, such as the
cell wall,

An advantage of ultrastructural morphology compared.to
serology for taxonomic purposes is that the former is record
-ed on photographic emulsion whereas the latter depends
on individual interpretation.Plate 1.7 shows cells of Erwinia
present in an intercellular space between cells which have

been macerated,the background material becomes organised
into filaments in older cultures,the cell contents are
seen not to differ from those in the pure culture, fixed

by more conventional methods.
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The study of morphologlical differences between the
secondary colonising bacteria present after soft rotting
end Erwinia itself Could give the ecology of soft rot of
potato tubers a more precise basis than it enjoys at present.
The fact that many different organisms combine to cause
wild soft rots is emphasised by Lelliott (1969) who states
that between 30 - 40% of the isolates taken from naturally
occeurring soft rots are not of the genus Erwinia.

This latter point also emphasises the v%%w taken in this
investigatlion that sterile artificial inoculations should

be used throughout.



Plate 1.1 (x 15,000, electron micrograph)
Pt/Pd shadowed replica of an 18 h culture of Erwinia

carotovora vars. atroseptica, showing the peritrichous

flagella.



Plate 1.2 (x 30,000, electron micrograph)
Pt/Pd shadowed replica from the same culture as 1.1,
but more rodlike, indicating the range of cell shape

present,



Plate 1.3 (x 30,000, electron micrograph)

Erwinia cell showing typical division by'pinching in'.



Plate 1.4 (x 30,000, electron micrograph)
Negatively stained Erwinia cell from 18 h culture,
showing fimbrae.

(phosphotungstic acid.,)
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Eliate 1 §0 (x 60,000, electron micrograph)
Section through a cellifrum an.18 h emliure of Erwinia
(25'C), showing the 'wrinkled'naturc of the cell wall.

(osnic acid, uranyl acotate.)



Plate 1.6 (x 60,000, clectron ricrograph)
Erwinia cell fron infoctidn kept at 5'C, note the
differenecec in shape to celils Xkxopt at 25'C,

(osmic aeid, lead citrate.)



Plate 1.7 (x 30,000, clectron nicrograph)

Section of Erwinia colls from a colony in soft rottod

tissue kopt at 25'C,.

(osnic acid, load citrate)



PART 24 The channels of infeetion,
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Part 2., The channels of infection.

Introduction.

The structure of the potato tuber,

Since Artschwager (1924), desoribed the basic structure
of the potato in detall, several other workers have described
speolalised areas in greatei¢%fpth(Hayw3rd,1938;Plaisted,1957;
Nagy % Boyd,1965;Reeve,l96é),often in connection with
patholbgical studles.A® the anatomy cf the tuber is basioc
to considerations of the channels of infectlion, a review
of the former follows,

The enlargement of the potato tuber from a stolon tip is
by cell division of the vascular parenchyma which results .
in the eventual distortion of the vascular ring of bundles.
and gives rise to some storage parenchyma between the Xylem
and phloem elements. The vascular ring is therefore rather
loose in construction, phloem often belng found separated
from the xylem by parenchyma.

The cuticularised epidermis of the stolon 1s replaced in
the tuber by a suberised thin walled periderm. The surface
of the stolon ig covered with stomata which become
differentiated into lenticels in the tuber., Burton (196v)
suggests that the number of lentlcels remains oonstent

throughout the life of the tuber, but in this investigation
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it was found that lenticels could appear near already
established lenticels under conditions of very high
humidity if the lattsr were blocked with seccndary
periderm.

The storage parenchyma outside the vascular ring is
less extensive than that inside and consists of cells
often more than 100 um diameter with starch grains
packed in a cluster to one side of the nucleus which is

Bl Vet
positioned in the centre of an extensive toﬁe§&&e§; the
intercellular spaces were found to be not extensive nor
suberised.Burton (1950) has suggested that this area has
an oxygen concentration about only 3% less than ambient
at 10'C. Sclerified cells may be found in this zone in
older tubers.

The apical and lateral buds or ‘eyes' are covered with
cuticle and are well supplied with vascular bundles; rays
from the pith also extend to this region. The plth.an area
with rather more cytoplasm and less starch than the storage
parenchyma, remains intact in the tuber centre.The point
of attachment of the tuber to the stolon at the 'heel end!
is marked by a patch of secondary periderm.

Varietal differences have been found in the thickness
of the periderm, and in the nature of the eye region, and
although the former may be correlatel with resistance to

Qospora, the latter is not (Nagy & Boyd,1965).
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Channels of infection.

From the survey above it can be séen that the possible
sites for bacterial entry include channels with quite
Gifferent properties.Also the diversity cf the the tissue
type needs to be taken into account in any consideration
of spread within the tuber.

The possible rnhannels of entry open to free swimming
bacteria which lack mechanical means of penetration fall
into four major groups.

l. Periderm. a. Primary periderm. b. Secondary, wound
periderm.

2. Buds or 'eyes'.

3¢ Wounds where the periderm has been removed mechanically.
and not yet reploced.

4, Lenticels of all types.

The potentialities of these as channels of infection
were considerecd separately, but as the techniques employed
were similar in each case these are described together.

Materials and methods.

Hand razor sections werc used in some investigations
but were discarded where possible in favour of Ester wax(1947)
sections (Steedman,1960), cut on a Cambridge rocking
microtome.Other methods tried include freezing microtome

sections and sections of paraffin blocks made on & Cambridge
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rocking microtome, but these were unsuitable due, inter
alia, to thelr inability to hold the starch grains in
their natural postion ; they are forced through the
tissue making histological observations to any high
magnification difficult..The freezing microtome sections
were also rendered unstable due to the large vacuole
around the zucleus which made satisfactory homogeneous
freezing difficalt. However as Ester wax is a considerably
harder medium than paraffin wax, sections taken from it
have a well preserved cytoplasm and cell wall, sections
cut at 12 um approach in quality 2 um araldite sections
(taken from blocks yielding satisfectory 50 nm sections
used for electron microscopy) viewed under phase contrast
microscopy.Araldite 15 um sections were also cut but
because of the lack of histochemicel stains for this
medium they were not etensively used.

For the study of gross anatomy , sections were stained
with Heldenhain's haematoxylin and counter stained with
Bismark brown (Venning,l1954).

Microchemical tests were made as follows.

I. For light microscopy. A. Following Ester wax embeddlng.

a. For pectin - Ruthenium red (Johansen,l1940),
— Albersheim's method (Albersheim et al.,1960),
b. For suberin - Osmic acid, Sudan III (Venning,1954),

- Ammonical gentian violet (Artschwager,l1927).
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¢c. For melanin + Ferrous iron technique (Lillie,1957),
-~ Methanamine silver method (Gomori,1952).

B. Following hand sectionlng.

d. For polyphenolic compounds {especially chlorogenis
and caffeic acids) - Hoepfner-Vorsatz test(Reeve,l1951;
1968b) .
e. For intact tonoplast - Sectionst!'fixed'in 4% KOH were
vital stained in Neutral Red, which gives an indieatiocn
whether the individual cell 1s *dead* or talive!',

(Strugger,1935).

-

II. For the electron microscope.Prior to araldite embedding.

Q. For pectin - Albersheins method (Qeve)e
be For melanin - Ferrous lron technique of Lillie on fresh
tissue which was the embedded in araldite.(Q.v.)
¢c. For suberin - Osmic acid (Q.v.) 1% solution in Kellen
-bergerts buffer. Similar technique used by
Bonnett (1968)to study endodermis,

Results of study of the potential channels of infection.

l.Periderm.

The periderm was shown not to be a major channel of
infection by a relatively simple test, i.e. soaking a
whole tuber in 2% aqueous Gentian Violet with & trace
of the wetting agent Teepol for 72 h. The stain only

penetrated the outer 1 - 2 cells of the periderm except
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at the lenticels where the parenchyma was stained wviolet.
Bacteria,being much larger than Gentian ¥iolet molecules,
would be expected to be unable to penetrate the peridernm,
in the absence of chemical attack.

Non-entry may be explained by the nature of the periderm
which consists of ranks of interlocking cells with thin
cell walls impregnated with WS&J suberin and devoid of
intercellular spaces. Under the electron microscope the
intercellular connections and the cell wall suberisation
can be seen In thin sections (plate 2.2) and the interlocking
nature of cells in surface view in shadowed replicas (plate
2.3). The cells of the phellogen and phellem also are
closely packed and exhibit a similar method of cell
junction without intercellular spaces; some suberin may
be present in this region(plese 2.1)%econdery peridern
formed as a result of cambial activity, following the
dedifferentiation of storage parenchyma appears to possess
the same properiies ¢s3 the primary periderm, after the
wound surface has healed completely. So the'heel end!,
where the tuber was attached to the stolon, if properly
healed should not present any differences from other
secondary wound periderm, particularly as the evidence
for the dedifferentiation of vascular parenchyma has been
reported in potato tubers by Artschwager (1927), and was
seen during this investigation, and —<ported eleowhere

in other plants.
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2. The region of the ‘teyes'.

In the experiment described above, immersion in
2% aqueous Gentian Violet, did not result in any staining
of the tissue underlying the intact cutiocle of the
epldermis in this region, the nature of which is shown
in plate 2.4 plate 2.5 for comparison is a section through
mature storage parenchyma.lt can be seen that the tissue
comprising the bud is smaller celled and closely packed
compared to the specialised starch storage cells.lIt
also reacted very strongly to the Hoepfner - Vorsatz
test of Reeve (19531) which suggests high polyphenol
content, in comparison the storage parenchyma did not

give a recordable reaction.

5.Wound surfaces.

Introduction.

The causes of wounding are manifold, and it appears
that many of the wounds are caused by organisms which
also act as vestors for the disease (Stapp,l961). However
the channel of infection is formed, the criterion of
major importance is the degree to which the healing has
progressed before conditions are such as to start
infection. A knowledge of the process by which the
susceptible fresh wound dedifferentiates resulting in

the formation of resistant periderm, of the time factor
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involved, and of the conditions required for periderm
formation, are necessary before the importance of the
fresh wound as a channel of infection can be assessed.

The apparent!, contradictions in the literature concerning
the processes involved in wound healing, especially
suberisation, (Artschwager,1927;Priestley & Woffenden,1922;
Bloch,1941;Rudd Jones,1948;Lapwood,1957), made it
desirable to re-investigate the problem.

A serles of experiments was carried out to investigate
the effect of suberisation and secondary perlderm formation
at the light and electron microscope levels.

An ultrastructural survey of wound healing.

From the basic light microscopy of a healed wound
(plate 2.6), the characteristic division into layers
can be seen. First the cut cells, below them?gze
suberised cells, then the dedifferentiated cells which
have formed the secondary periderm, a&nd the line of cells
devoid of stareh next to the storage parenchyma as
described by Olufsen (1903). These layers were exanrined
under the electron microscope using araldite sections
of tissue fixed in 1% osmic acid in Kellenberger buffer
with 5% sucrose by the modified schedule used for soft
rotted tissue (Q.v.), and poststaeined with Reynolds

lead citrate (Reynolds 1963).

The zone of cut cells {plate 2.7), consists of cells



Plate 2,1 (x 120, light micrograph)

Section through tuber tissue showing ranks of primary

periderm cellst which lack intercellular spaces compared
o

with underlying cortex and storage parenchyma.s

(carbol fuchsin, fast green,)



Plate 2.2 (x 10,000, electron micrograph)
Section through primary periderm, showing suberin
in the intereellular spaces and between the cells,

(osmic acid, lead citrate)



Plate 2,3 (x 6,000, electron micrograph)
Pt/Pd shadowed replica of the surface of the peridern

showing the close junction between the cells.



Plate 2.4 (x 862, light micrograph)
The bud region, the 'eye', showing the relatively
small size of the cells of this region, compared

with the storage parenchyma.

(Heidenhain's haematoxylin.)



Plate 2.5 (x 252, light micrograph)

Mature storage parenchyna, showing comparatively
large size of the cells, clusters of starch grains
round the nucleus,the presence of intercellular
€35

spaces and the occasional sclerid.

(Heidenhain's haenatoxylin)



Plate 2.6 (x 252, light micrograph)

==
Healed wound showing zonation into cut cells,

B 2.9

suberised cells, secondary periderm, line of cells
SL S

largely devoid of starch, and storage parenchjra.

(Heidenhain's haematoxylin)



Plate 2.7 (x 10,000)

Cut cell from surface of healed wound showing

disiptegration of the cytoplasm and splitting of

the cell wallf‘“*’oo
(ogmic acid, lead citrate.)



Plate 2.8 (x 30,000)
Plugged intercellular space in suberised layer,

(osmic acid, lead citrate.)



Plate 2.9 (x 12,500, electron micrograph)

Bands of suberin in the cell wall of the suberised

layer}q«m*»'

(osmic acid, lead citrate)



Plate 2,10

(x 3C,0C0)
The bands of suberin may be unequally developed

in the cell wall of the suberised wound surface cells,.

(osmic acid, lead citrate,)



Plate 2,11 (X 6’000)

The cytoplasm of suberising cells tontains numerous
plastids arranged in clusters.

(osmic acid, lead citrate,)



Plate 2.2 (x 6,000)

Secondary periderm from healed wound; the thin cell
walls are not yet completely suberised, and there
are still traces of cytoplasn.

(osmic acid, lead citrate,)



Plate 2,13 (x 15,000)

Intercellular region of the secondary peridermn;

no intercellular space, and as yet early stages

of suberisation.

(osmic acid, lead citrate.)



Plate 2.14 (x 10,000, electron micrograph)

Isolated incomplete suberin plug from intercellular

region after pectolysis of the surrounding cell wall.
"M
N.b. in this section the mitochondria and the nuclear

NM

membrane .

(osmic acid, lead citrate.)



Plate 2.15 (x 20,000, electron micrograph)

(sp)
Disintegrated cell wall surrounding intact guberin plug

oriz.nally from an intercellular space.

(osmic acid, lead citrate.)



Plate 2.16 (x 6,000, electraamicrograph)

sp

Intercellular region; isolated plug of suberin, intact,
8

but surrounded by bacteria present in space originally

occupied by cell wall now destroyed.

(osmic acid, lead citrate.)



with disorganised cytoplasm and the wall between the
cells split intc one thick and two thin layers.

The suberised layer is typical of such tissue found
in other locations (the lenticel q.v., infection interface,
part 6): the intercellular spaces are filled with electron
dense material (plate 2.8), and the cell wall has two
distinet bands which may or may not be equally developed
(plates 2.9,2.10). Melanin granules may be present in the
tonoplast as in the other suberising tissues studied, also
groups of plastids are present in the cytoplasm; another

feature in common with the other tissues end recorded in

storage tubers of Hellanthus tuberosus by Tulett et al.(1969),

their peculiar nature can be seen in plate 2,.11.

The wound periderm {plates 2.12,2.13) is similar to
primary periderm, both have cell walls thinner than those
of parenchyma, In the 14 day wound sample illustrated
however, it 1s not well suberised; there are no intercellular
spaces,and the cells are flattened anticlinally and
arranged in ranks.

If complete suberisation depends on a combination of
suberin encrustation of the cell wall by two bands and
the intercellular space by a block, it is conceivable that
both processes could be out of phase for a particular cell
or group of cells, leading to the penetragion of the suberin

barrier. This event obviates the need for an enzyme system
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attacking suberin for which there is no evidence, the
suherin may be by~-passed (plates 2.14,2.15,2.16) and the
tissue disintegrated by pectolysis alone.

Since at the light microscope level it is not possible
to distinguish between complete and incomplete suberisation,
apart from experimental rotting, it is only by the use of
the electron microscope that the efficacy of a given band
of suberised cells as a barrier to bacterial infection
can bs predicted.

An experimental study of wound healing.

Experiment 2.1, to determine the environmental conditions

which promote wound suberisation and periderm formation.

Materials and Methods.

Grade 1 King Edward tubers were washed in tap water to
remove adhering soil, surface sterilised by soaking in
0.1% mercuric chloride solution for 10 minutes, and
rinsed in sterile distilled water. A slice of periderm
approximately 3 x 4 cm was cut from each using a razor
sterilised by flaming after dipping in alcchol, then
allowed to cool. The tubers were then placed in relative
humidity chambers above various concentrations of sulphuric
which held the relative humidlty at either 100, 97.5,
93.9, 80.5, or 58.3% (Hodgman et al,,1962), then the
chambers were kept in incubators at 5, 10, 20, or 30'C

for 1 to 13 days. Samples were taken at intervals and
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examined by taking hand sections which were stained with
neut al red after treatment with 4% KOH,(Strugger,1835) or
with sudan III (Jensen,1962) and mounted in glycerin.
Ester wax blocks were made of some of the samples to
observe the formation of secondary periderm more closely.

Results and discussion.

Suberin was seen to be laid down in the cell walls of
the outermost layers of intact cells. Periderm formation
was seen as the development of periclinal walls in the
storage parenchyma below; the periderm appeared lightly
suberised at first, the cell walls were also thinner than
those of the storage parenchyma which dedifferentiated
into them,b»y a factor of 10(plate 2.6). Suberisation
appears earliest under conditions where temperature and
relative humidity are both relatively high (Table 2.1),
the same i1s true of secondary periderm formation, and it
appears that suterisation 1s a necessary preliminary to
the latter. Table 2,5 &yws that the secondary periderm is
alsco thickest at the highest temperatures and relative
humidities, table 2.1 indicates that the same is true
of the total depth of dead tissue, i.e. that depth of cells
not responding to neutral red stainirg ¢ f the tonoplast
(Strugger,1935).Teble 2.1 shows that cell death can ococur
without subsequent or prior suberisation, the posslibility

therefore arises that suberisation perhaps as a result of



Teble 2.3 Suberisation and periderm formetion of fresh
%CT
wound surfaces of King REdward tubers.{(Eowwple o &)

Key. suberin present, _ _ __ _ periderm presents
figures denote the mean thickness of dead tissue,
including secondary periderm, at the wound surface,

measured in mm, / result not recorded.

Exposure (h) Temp. (*'C) R.H. (%)
I TN 53 80 94 97 100
24 9] L8 <21 .22 .21 21
10 .21 .21 .22 MR 22
20 .19 .20 J20 «20 e 22
30 «20 .20 .22 23 22
48 5] 21 .21 .21 22 «23
10 21 .24 .23 23 R
20 «23 .23 .23 «28 .29
30 28 26 .24 28 ~:55
72 5 .25 W31 W32 a2 ”:gi
10 e B2 432 W33 033 « D1
20 e32 436 .33 oE) 51
30 .33 .35 .38 .42 .42
96 5 AT
10 W01 W31 W31 .04 Y
20 O0 W31 .36 R3] 7

B s b > o B i o e s b et o ot S

30 W31 W31 36 .66 .66

- —— b Y o T ot St bt et et St Bt




Table 2.1 cont.,

Exposure (h) Temp. ( 'C) R.H. (%)

144 5 032 o3l .32 W31 .32
10 B2 W31 W31 36 .36
20 .30 .33 .38 .38 .38
30 31 .35 .39 .61 .67
312 5 .32 .37 .32 .33 .31
10 B30 W36 .32 .32 .33
20 31«32 J42 W51 .49
30 33 .38 .AB_ .71 .72
489 5 .26 .30 .32 .32 .50
10 e28 .32 .33 .40 439
20 /.33 .38 _:85--:55

S s e e i e g S Mt B P W bt ey Wt

30 B0 437 6B .66 ,72

e D o et o B St Pt St B e Mkt o Bl P00 P s Bt e




Table 2.2 Number of parenchyma cell layers converted into
W dvvn c‘-

secondary periderm. ((Somqlc oy \)

Exposure (h) Temps. ('C) R.H. (%

o
@

80 94 97 100

cells converted.

=t
O

24 all
48 5 0 0 0 0

10

AV]

20

Do

30
72 5
10
20
30
96 3
10
20
30

© O O O N 0O O O O O o o o

144 S

O O O O N 0O O O o o o o

10 0
20 0

&
o0 8 O O U ® O N 68 »1 o o O O o©

W B8 O o &n © © ~N O o O o o o o

G RO O U O N W O O

30 . 5]



Table 2.2 conte

Exposure (h) Temp. (*C) R.H. (%)
58 80 94 97 100
512 5 0 0 0 Q 0
10 0 0 0 0 0
20 0 2 3 4 4
30 0 3 6 6 6
480 5] 0] 0 0 0 0
10 0 0 0 e 3
20 / 2 3 6 6
30 0 3 6 6 6

N.b. the tubers in experiment 2.1 were stored at 78% R.H.

and 5'C prior to their use experimentally.
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an active metabholic process, causes cell death and not

vice versa as suggested by Frey-Wyssling & Mihletaler {1965).

The evidence of electron microscopy {(q.v.) supports this
theory.

The process by whiech the storage parenchyma dedifferent-
iates appears to involve an initial loss of starch grains,
followed by elongation of the cell wall anticlinally then
the formation of periclinel walls, rather than the
Tformation of a small celled phellogen.

Rudd Jones(1948) reported a suberin infeotion barrier
to be formed between the infected and intact cells. He
indicated that in an infected system the suberin barrier
was thickest at the lower temperatures and relative
humidities, this appears contrary to the results expected
from the above and those of other workers (Artschwager,1927;
Priestley & Woffenden,1922), but was also found to be the
case in the later part of this investigation ( q.v. part 6).
It was therefore felt desirable to determine whether the
effect of environment on the behaviour of healthy cells
covered by dead but uninfected cells resembled that
reported by Rudd Jones. In order to simulate such a
situation, two approaches were made. The first supposed
the action of a traumatin type reection (Bonner & English,
1938), potato tissue was ground up and placed on the cut

surface, this was compared with indoleacetic acid soaked
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cotton wool, sterile distilled water soaked cotton wool,
together with a control. In the second, carborupdum 180 gris
powder was rubbed into the cut surface to give localised
cell death above the healthy cells.

Experiment 2.2, to simulate the effect of the secretions of

dead cells above the suberising surface.

Materials and methods.

Grade 1 dry brushed tubers var. King Edward were kept at

i. 100% relative humidity and 101'C,

i1,100% relative humidity and 30'C,

i11.58% relative humidity and 10°'C,

iv. 58% relative humidity and 30'C,

and exposed to the following trectments :-

a) control, sterile cut made with flamed razor previously
dipped in alcohol, potato sterilised in 0.1% mercuric
chloride as in experiment 2.1.

b) 10 g crusheid fresh potato was applied to the sterils cut
for 24 h then removed.,

c) sterile cotton wool was soaked in 40 p.p.m. indoleacetic
acid which was applied to the sterile cut for 24 h.

d) sterile cotton wool was soaked in sterile distilled

water then applied to the sterile cut for 24 h.

Hand razor sections were taken at intervals bt-%ween 1 and

14 days and examined for suberisation and secondary peridern

formetion, and other related points.



Results and conclusions.

The results are given in tables 2.5,2.4., The indoleacetic
acid and watcr treatments initlallyretarded both suberisation
and secondary periderm formation but later stimulated them.
particularly at low relative humidity. The crushed potato
treatment appeared to retard suverisation, but the final
expression was similar to the untreated control in all the
attributes.

All the special treatments appeared to predispose the
tubers to an odourless rot which was particularly severe a’
the higher temperatures and humidities. This rot indicated

(R) , made a sudden appearance over a large area of tuber.

Fxperiment.2.3.

To simulate the effect of dead cells above the healing
surface of a wound, using carborundum grit to kill cells.

Materials and Methods

Dry brushed grade 1 King Edward tubers were treated by
lightly rubbing 180 grit carborundum into:-
a) a fresh wound surface b) an intact area of periderm
and together with c¢) an untreated control, the tubers werc
kept in relative humidity chambers in incubators at
1) 100% R.H. and 10'C 2) 100% R.H.and 30'C 3) 58% R.H. and
1C'C 4) 58% R.H. and 30'C. for 1 to 14 days.

Samples were examined by taking hand razor sections.



Table 2,3 ©Suberisation and secondary periderm formation

. **”““%];
after treatment to simulate dead cells. Coole i )

Key. suberin presernt _  secondary periderm present
figures denote the depth of dead cells, to nearest

cell including secondary periderm,R unrecordable as rottec

Exposure (h) Temp. ('C) ~ Treatment

Control,Crushed potato,I.A.A.,Water,

% R.H.58 100 58 100 58 100 58 100

24 10 2 2 2 =2 g [/ a2 2
30 2 2 2 2 / 2 2 =z
48 10 2 2 2 2 2 2 2 2
30 3 3 2 2 2 &2 &
72 10 2 3 2 2 2 2 2 &
30 5 4 2__2 2 2 2 &
96 10 5 3 2 3 2 2 2 &
30 3 7 2 3 A
144 10 5 3 3 4 3 8 53
50 3 7 4 5 4 4 4 4
240 10 5 5 3 4 3 3 3 3
30 3 _7 4 5 4 4 4
288 10 5 3 3 5 3 3 3 4
20 5 7 R R 4 R4 7

- - . e S T B AN P G . G Gyp S N P Eee S - o O —



Table 2.4 Number of parenchyma cells converted into
secondary periderm, after treatment to simulate
dead cells. C‘”“Q\LK‘PQ

Exposure {(h) Temp. (¥C) Trratment

Control,Crushed potato,I.A.A.,Water.
% R.H.58 100 58 100 58 100 58 100

24 10 0 0 0 0 0 0 0] 0
50 0 0 0 0 0 0 0 0
48 10 0 0 0 0 0 0 0 0
30 0 & 0 0 0 0 0 0
72 10 0 v 0 0 0 0 O 0
30 0 5 0 0 0 0 0 0
96 10 0 0 0 o) 0 0] 0
20 0 5} 0 o 0 0 o] 0
144 10 ¢ 0 0 0 0 0 0 A
30 0 6 6] & 4 2 2 L
240 16 0 ¢ o 0 0 0 0 G
30 0 6 R R 4 R 4 7

N.b. R denoteg that samples were not recordeble because oIl

the prescnce of bactcrial rot,.



Tgble 2.5 Suberisation and periderm formation after
carborundun treatment to simulate bacterial
. e 'K
attack. <§?~1ﬁh1 12)

Key. guberin present,_ _ _secondary peridernm present,
Pigures denote the deptﬁof dead cells,to nearest ccll,
including secondary periderm, / no record.

Exposure (h) Temp. ('C) Tregtment

Control,Wourd rubbed,Peridorn rubbel,

% R.H.58 100 58 100 58 100

24 10 2 2 2 2 3 3
30 38 2 2 2 3 3
48 10 2 2 2 3 3 3
30 3 3 3 3% 3 _3
72 10 2 3 3 3 3 4
30 3 4 3 4 3 4
96 10 53 3 5 5 3 i:;:-
30 3 6 3 4 3 4
144 10 5 3 3 4 3 i:é:—
30 3 7 4 4 3 i:é:-
240 10 5 3 3 4 4 j:;:_
30 3 7 4 4 3 —:;:-
336 10 5 3 4 4 B _:é:—
30 5 7 4 / 5 —-7_-

o . o o am -



Table 2.6 Mean number of cells suberiged after carborundum
FEPLE 8.0 iy

treat™ment to simulate bacterial attack.(s”“fQ% =)

Exposure (h) Temp, ('C) Treatment

Control,Wound rubbed,Periderm rubbed.

“ R,H., 53 100 58 100 58 100

24 10 0 1 0 © 0 o0
30 1 1 o0 o 0 0
48 10 1 1 o0 0 o0
30 1 1 2 2 0 2
72 10 1 1 2 2 0 o0
50 12 2 2 0 2
96 10 1 1 2 2 o 2
30 1 2 2 32 o 2
144 10 1 1 2 3 0 2
30 i1 2 2 32 0 <
240 10 i1 2 3 0 2
30 1 2 2 2 0 &
336 10 1 1 3 3 0o 3
30 i 2 3 |/ 0



Table 2.7 Mean ntmber of parenchyma cells dedifferentiated
— oy

into periderm after carborundum trestment.(Speyl)

Exposure (n) Te.-, {'C) Treatment

Caontrol,Wound rubbed,Periderm rubbed,

4R.H. 58 100 58 100 58 100

24 10 c o 0 0o ©0 0
30 O 0 0 0 0 0
48 10 ©o 0 0 0 0 0
30 o & ©0 0o o0 1
78 10 c 0o ¢ 0o 0 o0
30 0o 3 0 ¢ 0 5
96 10 o 0 0 0 0 0O
50 o 4 © 3 0 3
144 D cC 0o o ¢ 0 &
30 O 6 2 2 0 8
240 10 0 0 0o 0 0 5
50 c 6 2 3 0 3
336 10 0o 0 0 ¢ o 4
30 o 6 3 [/ v /
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Results and conclusions.

The results are given in tables 2.5, 2.6,2.7. It was
concluded that where the intact periderm at low relative
humidity was rubbed with carborundum suberisation was
inhibited and new wound periderm was formed earlier than
in the control. Perhaps the primary periderm acts in a
similar way to the wound suberin barrier in the control
even though it is not complete after the treatment.

Suberisation appeared sliightly retarded after a cut
wound surface was rubbed with carborundum powder, but
secondary periderm formation was promoted especially at
the lower relative humidity.

Th~ total depth of dead cells is slightly less deep at
high relative humidity compared to the control, but this
could be explained by less cells being converted into
wound periderm.

The differences between the effects of the rubbing
treatment on the periderm and that on the fresh wounds,
lies in the number of cells secondarily suberised at the
surface or near it, at the higher relative humidity both
were higher than the control, but at the lower relative
humidity only the treated fresh wounds were highly suberiscd.
Discussion.

Neither experiment produced results in accordance with

those described for an infection interface by Rudd Jones
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(1¢48), as nowhere was suberisation greater at the lower
relative humidity than at the higher. This evidence
confirms the suggestion that the results obtained by Rudd
Jones were due to low relative humidities affecting the
progress of the bacterial rot rather than to a direct

effect on the host itself.

In the field, the wound surface as caused by animal
agency or other means may be wet for a considerable time.
The following experiment was set up in order to simulate
the state of affairs where the cut tuber surface is

covered by a film of water.

Experiment 2.4,

To determine the effect of a film of water on suberisation
and wound periderm formation.

Materials & Methods.

A half tuber of a grade 1 King Edward tuber, previously
surface sterilised by immersion in 0.1% mercuric chloride,
was sprayed with a fine mist of sterile distilled water at
the rate of 48 éég%'per minute, through a 'sapphire!' nozzle

taken from a VS.625 spray-gun(Burgess Products Co.Ltd.)

pumped by & sealed DY.mk.III pump (Charles Austen Pumps Ltd.

the tuber, nozzle and suction pipe were enclosed in a gluass

chamber., The experiment was at room temperature.
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Samples were taken every 24 hours for five days; these
were examined by means of hand razor and ester wax microtome
sections.

Results

After 24 h there were no signs of suberisation, but there
was considerable cell elongation in the fourth to sixth
layers beneath the surface. These cells were lengthened
anticlinally by up to 17.5% but narrowed periclimally by
more than this. All the cells apart from the cut ones
reacted positively to meutral red after 0.4% KOH
indicating that they had an intact tonoplast and were
presumably alive.

Forty-eight hours after the start of spraying there was
no change but after 72h there was a trace of suberisation
down to the third layer of cells; the situation was no
different after 96h. After 5 days no tubers could be Kept
in the apparatus as they were macerated by an odourless

bacterial rot, from which Bacillus cereus and Bs.

megatherium were isolated. An interesting point in

connection with this rot was the fact that where the tissuec
was sufficiently coherent for hand sections to be made,
neutral red staining indicated that bacteria appedared to bec
present inside living cells; more will be said about this
phenomenon in part 7. Ester wax sectiovns also indicated

bacteria inside the cytoplasm.
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Conclusion
It was concluded that a fine film of water on a cut potato
surface inhibits suberin production, and@éiSPOSGS the tuber
to a Bacillus rot, possibly both processes are promoted by

a comparative lack of oxygen in the tuber.

General Discussion of Wound Healing Experiments.

It can be seen that suberisation and wound periderm
formation of a fresh wound are promoted best by a
combination of the higher temperatures (20-30°C)and
relative humidities (above 80%) but free from surface
water.

Although secondary periderm formation normally follows
suberisation, it was found that if the healing surface was
covered even by disrupted periderm, as in experiment 2.3,
there was some promotion of the sesondary periderm formation
in the absence of a suberised layer. Priestley and
Woffenden (1922) found that they could promote secondary
periderm behind an unsuberised wound surface by covering
the latter with Vaselime jelly.

It appears therefore that wound surface suberisation has
the function of forming a watertight,sterile seal above the
dedifferentiating parenchyma which forms the secondary
periderm.

Because the effects of environment on healing beneath
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the surface are similar to those on exposed surfaces, and
dissimilar to those on suberisation at the soft-rot
interface descrivied by Rudd Jones (1948), it seems
probable that the latter is due to the effect of the

environment on the pathogen, not the host.

Following from this study of the events leading from the
healing of a fresh wounded surface and its transformation
into resistant periderm, the question arises, when is the
preclse point in time that the fresh wound is no longer
susceptible; is it when the suberisation of the wound is
finished, when the secondary periderm is complete or

some Otler time?. The following experiment answers this

point.

EXperiment 2.5.

To investigate when a healing wound is efficient as
a barrier to infection.

Materials and Methods.

A 42 h culture of Frwinia carotovora var. atroseptica

in nutrient broth was centrifuged at 3,000 r.p.m. into

0.1 ml aliquots contuining approximately 2.5 x 1040ce11s
per ml. These were inoculated into 7mm diameter wells made
in the cut wound surface of half tubers which had been left

at relative humidities of 100%, 97%, 80% and 58%, and 5'C



Tarle 2.8 Bffect of length of cxposure time after wounding

on rotting following subsegquont inoculation.

Xey. R, rotting in allwells; -, no rot.

Tempo. (TC) R.He(%) Exposurc time (h)
| 0 18 24 40 137 238
25 100 R - - - - -
o7 R - - - - -
£0 R R - - - -
o8 R R R - - -
5 100 R R R R - -
97 R R R R - -
80 R R R R R
58 R R R R R



Teble 2,9 -Effeot of length of exposure time after
wounding on suberisation and secondary periderm
formation below the cul surfacee.

Koy, S, suberisation; P, neriderm formation; - no -8 or P.

Temp. ('C) R.H. (%) Exposure time (h)

0 18 24 40 137 238

25 160 —— S S~ sp gp sp
g — S S- 8= sp Sp

80 —— - S= S=- Se- Sp

58 - =- S- = g G

5 100 - - S S S S
7 _— - S= S~ S= GBS

80 - —— - — S~ S=-

58 - - o o . - o S Se=
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or 25'C for 0,18, 24, 40, 137 and 238 h to heal in
enclosed glass chambers. Each tuber had six such wells
and after 80h incubation at 100% R.H. and 25'C the wounds
were examined for the presence of rotted tissue by immersing
them in a 0.1% solution of 2:3:5 - triphenyl-tetrazoliun
chloride which indicates the presence of bacterial cell
bound dehydrogenase..At the same time hand razor sections
were taken both to confirm this and examine for the presence
of suberin or wound periderm.
Results .

The results are given in Table 2.8.

Conclusions

It was concluded that the absence of a suberised layer
of cells allowed a geft rot to be initiated, however the
presence of suberin does not preclude infection in all cascs,
For example, at low relative humidity (58% R.H.), healing
for 40 h results in a suberised layer of cells, but this is
not effective as a barrier against the pathogen.

This incompleteness of suberin &s a barrier 1s explained
by its mode of formation as the electron microscope study

of wound healing shows.

Discussion of wound surfaces as channels of infection.

It appears evident that fresh wound surfaces act =S

channels of infection until complete suberisation prevents
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banterial entry by the formation of an intimate seal at
the cellular level fcllowed by the conversion of
parenchyma to <econdary periderm,
Infection interface suberisation appears to be affected
largely by the reaction of the environment with the
pathogen, rather than with the host as in wound suberilsation.
Suberisation is important in determining the efficacy
or otherwise of anotler chawnzi of entry of infection; the
lenticel, which has the importance of being ubiquitous ,

which is not always true of wounds on tubers.

4., The Lenticel.

Many workers have mentioned bacterial entry via the
lenticel including Ruehle (1940), Smith & Ramsey (1947),

Davidson (1948), Logan (1964), Bétencourt & Prunier (l9é9
and Pérombelon(1969). It is recognised that the lenticel
may be f'proliferated' under conditions of heavy rainfall
allowing bacterial entry, and that a secondary periderm
may be present under the lenticel. Pérombelon {(196%9) has
compared records of bacterial soft rot and rainfall and
suggested that infection was prevalent after pericds of
heavy rainfall. He found that a time lag =i several
weeks nmight elapse between the two events. From this a
hypothesis involving mother tuber rotting was put forward,

a heavy period of rainfall promoting both mother tuber
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rotting and lenticel proliferation in the daughter tubers
‘The object of this sewbicn of the present investigation
was to compare the effects of various relative humidities
on the state of the lenticel and its efficiency as a
channel for infection before and after inoculation. At
present there appears to be a gulf between observations
of the environment of the potato crop in the field and
its subsequent behaviour in store. As a particular crop
would have experienced a variety of conditions before
storage it was declded to standardize the conditions of a
sample by storing the potatoes under constant conditions,
exposing them to a variety of relative humidities, and
inoculating before or after such exposure in order to
determine the effect of environmental conditions at these
different stages in the history of the sample. In this way
it was hoped that data could bc obtained permitting a
grower knowing both the past history of the crop before
harvesting, and the conditions at which the tubers were
stored, to predict and control the 'spontaneous! rots
which devastate potato stores at present. The possibility
that the so called 'latent' infection of tubers is due to
the interaction of environmental factors before and after
harvesting is discussed, as the early stages of lenticel
infection are completely undetectable by eye compared to

fresh wound infection.
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The Structure of the lenticel.

Introduction.

The techniques employed were the same as described
earlier for light and electron microscopy of infected
potato tissue.

1) Light Microscopy.

Artschwager (1924) described the formation of lenticels
beneath the stomata in stolon tips. Thelr subsequent
development during the growth and maturation of the tubers
is one of development in size rather than development of
new structures, (plates2.l7 & 2.1@.

However, lenticels of mature tubers kept under dlfferent
relstive humidities for long periods may have quite
different anatomical ATTaMg CMERLs wkich zre cenly
recognisable in the extreme cases (plate 2.20), but which
have a profound influence on the extent to which the
lenticels act as channels for bacterial entry.

The lenticels illustrated in plates 2.21- 2.23 show the
effects of development at 58.3% and 80.5% R.H., and with
liquid water on the tuber surface. At 58.3% R.H. &
secondary periderm develops beneath the dead suberised
cells of the filling tissue, there is no distinct
meristematic zone, and the periderm is adjacent to cortex.
Storage at 80.5% R.H. results in a more typical lenticel

with a distinct filling tissue, lying above a dispersed



Fig.2.2 Lenticel proliferation. [x84]

e et el |
e L TF
R R R AR AR AR R AN A AR AN ]
I ! ﬁ\é« SRR R 1 by 5 5 2 ﬂmmjl ﬁ?
Keyl |filling cells, [M meristemfiliil phelloderm,
dead cel[s, periderm, [f]] proliferating cells,

o cortex.

.
| s
e W

o

s v




=37 v

meristem and phelloderm, which in turn is above the cortex.
The gap between the lenticel filling tissue and the
periderm appears to be a point of weakness as seen in
plate 2.24 -2.25 where bacterial colonisation has spread
between the meristematic tissue of both into the cortex.
If the surface of a potato tuber is kept moist by being
wrapped in sphagnum, absorbant tissue or cotton wool or
occasionally even when stored above water, 'proliferationt
of the lenticel occurs, to form a patch of exposed cells
on the potato surface resembling a cauliflower; the
*choufleur!' lenticels referred to by Bétancourt and
Prunier (1965) which they found in the field after heavy
rain. These workers found inoci.lation of such lenticels
uniformly successful after wetting with bacterial
suspension. As the structure of the 'proliferated!
lenticel has not been described it was decided to

section ester wax and araldite embedded specimens. The
cells protruding from the lenticel can be seen under
light (plate 2.2 ), and electron microscopy (plate 2.26)
to be large unsuberised cells lacking in starch which
appear to be continuous with the phelloderm. the merigtem
appears to be reduced to a ring around the lenticel, and
the filling tissue pushed up and outwards (fig.2.1}. The
early stages of proliferation appear similar to the type

of lenticel produced by storage under‘high humidity and
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and under 100% R.H., fully developed proliferation may
sometimes occur without liquid water. It appears that
under liquid water the 'proliferated'cells are not
sukerised, this corresponds to the results of the mist
experiment described earlier, experiment 2.4. in which
fresh wounds were sprayed wlth a fine mist.

ii) EBlectron microscopy of the:lentloal,

Lenticels blocked by a secondary periderm have an
ultrastructure similar to that of wound periderm except
theat the suberin layer 1s derived from filling tissue,

Lenticels kept at relative humidities of at least 80.5%
show a differentiation into suberised filling tissue,
which merges through a zone of suberising cells into
merlistem, and cortex (plate 2.22). The filling tissue 1s
suberised beth tetween the cells ngs £9 the lutewcellmlar
apacee (plekey 2.27,2.28; this pattern is established in
the suberising cells (plates 2.29 and 2.30). At increased
relative humidity the filling tissue is composed of more
living component cells than dead tissue. Theae living .
oelleln the filling tissue hiave intact organelles (plate
2.31), nuclei, and tonoplasts, the latter often containing
melanin granules which may be stained with Lillie's
reagents.

In the proliferated lentlicels the unsuberised cells

which appear continuous with the phelloderm have an intact



(x 160, 1ight micrograph

Plate 2.17

Irmature lenticel from 3 cm diameter tuber,

(Heidenhain's haenatoxylin.,)



Plate 2.18 (x 160, light mierograph)

Immature lenticel from 5 ecm diameter tuber.

(Heidenhain's haematoxylin.)



Plate 2.19 (%)

Potato tuber surface showing lenticels after storage

at 80.5% R.H.



Plate 2,280 (x%)

Potato tubor surfacec showing proliferated lenticels
after storage in damp sphagnum. The emergonce cf
a new proliferated lenticel, next to ene whioh hss

remained blocked, is arrowed.



Plate 2.21 (x 252, 1light micrograph)

Section through lenticel of tuber pretreated at 58 3%
R.H. S, secondary periderm; F, filling tissue; C, cortex.
(Heidenhain's haemotoxylin.)



Plate 2.22 (x 160, light micrograph)

Lenticel of the'normal type'from tuber stored at 80.5% R.H,
F, fllling tissue; M, meristematic zone; PH, phelloderm;

C, cortex; 0O, calcium oxsalate cell,



Plate 2,23

{x 262, light micrograph)
OVERLEAF

TProliferated'! lenticel from tuber stored in damp sphagnum.

F, £illing tissue; M, meristematic zone; PH, phelloderm.



(BRTTE™)

sy O



g B N

Plate 2.24

T.ToC. stained tangential sections beneath lenticels
stored under Qifferent pretreatments before inoculation.
Left to right, top; 0, 58.3, 80.5, bottom; 93.9, 97.5, 100
% R.He Nobe 'ring' of infection at 80.5% R.H,

- 4
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Plate 2.25 (x 120, light micrograph)

Section through 'ring' of infection between phelloderm
of filling tissue and primary periderm, tuber pretreated
at 80.5% R.H., bacterial colonies arrowed.

(carbol fuchsin, fast green.)



Plate 2,26 a. (x 3,000)

Cell protruded from proliferated lenticel, showing
large area of vacuole, lack oi starch, melanin (arrowed)
and small length of contact with neighbouring cells.

(osmic acid, lead citrate.)



Plate 2,26 be (x &,000)

P
Proliferated cell cytoplasm with'abundant plastids.

(osmic acid, lead citrate.)



Plate 2.26 c. (x 15,000)

Cytoplasm of proliferated cell, relatively intact, showing
€R G M
endoplasmic reticulum, golgi bodies, ond mitochondria.

(osmic aecid, lead citrate.)



Plate 2.37 (x 8,250, electron micrograph)

Section through filling tissue cells of a lenticel
stored at 80.5% R.H., showing blockage of the inter-

cellular spacesQwaddU\

(osmic acid, lead citrate.)



Plate 2.28 (x 30,000, electron micrograph)

Filling tissue cell intercellular space with complete

plug of suberin,

(osmic acid, lead citrate.)



Plote 2.29 f. (x 2,500, electron micrograph)

Early stages of suberisation in cells below the filling
tissue. (osmic acid, lead citrate.)



Plate 2.29 b. (x 8,250, electron micrograph!}

The vacuoles of the suberising cells beneath the lenticel

contain melanin granules,Mér

(osmic acid, lead citrate.)



Plate 2.30 (x 26,000, electron micrograph)

An early stage of suberisation, at the intercellular
space of a cell beneath the filling tissue.
(osmic acid, lead citrate.)



Plate 2,31 (x 8,500, electron micrograph)

The suberising cells below the filling tissue contain
r
numerous plastids clustered near the nucleus.

(osmic acid, lead citrate.)



cytoplism (pleté 2.26), nuslei, tunuplests scmepincs
with melanin, &énd aotive plastids, though sSome may e
rather digorgsnised oytoplasmically and the cell wall
may be deformed, pessibly dwe.to’lack of turgor prassare
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Experiments 2.6-2.8.

Investigations into the effect of different reletive
humidity and temperature regimes,before and after
inoculation, on the anatomy of the lenticel and its
efficiency as a channel of infection.

Materials and Methods.

Grade 1 dry brushed King Edward tubers were placed
under constant conditions for 3 weeks or more in
enclosed glass relative humidity chambers containing
dilute sulphuric acid of various concentrations, kept
in incubators, inoXulated by submersion in a suspension
of bacteria for 10 mins, then replaced under oontrolled
conditions before harvesting. On harvesting the lenticels
were cut out using a 7 mm. ocork borer and treated as
follows:-

1) The lenticels,10 of each chosen at random,were cut
tangentially,so that the cells beneath the filling
tissue were exposed; the slices were then placed in 1%
2:3:5 - triphenyl-tetrazolium chloride. If infection

had occurred the dehydrogenase bound to the bacteria
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was stained bright red.
1i) The lenticels were fixed in C.R.A.F., and ester wax
embedded for light microscopye.
i11i) The lenticels were fixed in 1% osmic acid in
Keilenberger buffer with 5% sucrose, and embedded in
araldite for light and electron microscopy. Some lenticels
were treated for pectin by Albersheim's method.
iv) hand razor sections of the lenticels were cut and
stained in neutral red or sudan III in order to observe
cell death and suberisation.

Results.Experiment 2.6.

In this preliminary experimenttubers were stored for
22 days at 100% or 0% R.H. at 25'C. Inoculation by
submersion in a 21 hour old culture contalning
approximately 8.96 x 108 cells per ml for 10 min was
followed by further storage at 0% and 100% R.H. and
25'C. Harvests were taken after 2, 22 and 40 h.
Infection, confirmed by methods 1) jj ) endffy)ocourred
only where initial storage at 100% R.H. was followed by
subsequent storage at 100% R.H. Infection could be
detected by the T.T.C.method only in the 22 and 40h
samples where 1t was visible to the naked eye as a
pateh of approximately 3 mm dlameter around the lenticel.
The results at 40 h are given in Table 2.10.
Experiment 2.7,

Relative humidities of 100%,97.5%, 93.9%, 80.5% 58.3%



Table 2,10

T.T.C. reactions at 40 h harvest of inoculated lenticels (25'C).

% R.H, T.T.C., Teaction Anatomy of lenticel.
Pre~ Post- O 1 e 3
inoculation.
0 0 10 - - = Secondary periderm under dead
tissue,
0 100 o - - - Secondary periderm.(c.f. plate
2.21)
-.100 O 10 - - = Dead o2lls below filling tissue
‘ ‘ no soft rot damage apparent. .
100100 - = =10 Soft rot damage evident under
filling tissue to 1800 u below
£ r’age,
Table 2,11

T.TaG, Treactions at 50 h harvest of inoculated lenticels
postinoculation incubation at 100% R.H. (25'C).
% ReHe T.T.C._ reaction Anatomy of lenticel,

Preinodulation 0 1l 2 .3

100 - - - 16 Normal divislon into filling
tissue, meristem, phelloderm.

o7 - - 5 5 Normel.(c.f. plate 2.22)

94 - 4 6 - Normal,

80 1 9 - - Normal.

58 9 1 ~ - Secondary periderm,(c.f. plate
o] 10 - - - Secondary periderm. ¢.21

Key. to tables 2,10-2.12, T.T.C.reactions; 0, no infection

detetoble, 1,'ring'of Infeétion (plates 2.4,2.5); 2, complete

infection around the lenticel; 3, infecticn beywund lentliccl .
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and 0% were employed in preinoculation treatment lasting
28 days, the chambers were stored at 25!'C. Inoculation
was with a 23 hour o0ld culture contalning approximately
1.152 x 109 cells /ml, end after inocalation the tubers
were placed at 25'C and 100% R.H then harvested after
2,26 and 50 h.

The results of T.T.C. treatment showed a gradation of
area of potato colonised according to the pretreatment’
plate 2.24 and table 2,11 showdg the range at 50 h. After
50 h at 100% R.H there was extensive colonisation by
bacteria/the affected area around the lenticels being
5 mm diemeter; this was true also of the 97.5% and most
of the 93.9% R.H. samples, but 4 of the latter displayed
the same reaction as most tubers stored at 80.5%4 R.H.
namely invasion confined to a ring of colonisation around
the filling tissue., Light micrographs of thls ring of
infection showed that baoteriagwere present 1in the gap
between the filling tissue and the primary periderm,
(plete 2.25), suggesting that the filling tissue is
impermeable to bacterial entry after 28 days at 80.5%
R.H. & state of affairs in accordance with the results
of the electron microscope gty dy of the lenticel
descrived earlier. After 58.3% R.H. or 0% R.H. for 28
days the lenticels wers Lok infected in any way. The

state of affairs after 22 hiuhs similary 4 the



distribution of the types of infection]but thelr extent
at the higher R.H.s was slightly less pronounced being
approximately 3mm diameter; after 2 h there was not
sufficient infection to be visible after T,T.C.
treatment,

When the anatomy of the samples was examined under
the light microscope using fresh and araldise sections
the 100%, 97.5%, 93.9% and 80.5% R.H. pretreatment
specimens were apparently identical, but secondary
periderm was evident at 58.3% and 0% relative humidity,
beneath the filling tissue.

Experiment 2.8.

In this complementary experiment, tubers were pre-
treated by sicrage for 28 days at 25'C and 100% R.H.
followed by inoculation by submersion in a 31 hour
culture containing approximately 1.185 x 10° cells/ml.
The tubers were then stored at 25'C at 58.3%, 80.5%,
93.9% and 97.5% R.H., and harvested after 3%, 44, and
71 h.

After 3% h there was slight infection in all the
97.5% R.H. postreatment samples, two showing complete
lenticel colonisation, and four of the 93.9% R.H.
sample also showed slight colonisation. There was no
infection evident in any of the other samples.

The situation after 44 h is shown in Table 2.12.



Table 2.12

T.T.Cs Treaction at 44 h harvest of inoculated lenticels
preinoculation incubation at 100% R.H. (25%C)s

‘s ReHe T.T.C. Teaction Anatomy

postinoculation, O 1 2 3

97 - = 10 - Normal;(c.f.plate 2.22)
94 4 - 6 - Normal.
80 7 - 3 - Normal.

58 10 - - - Normal,



After 71 h there was extensive colonisation of lenticels
at all relative humidities, the zone of infection in

each case being greater than the diameter of the lenticel,
i.e, over 3 mm. When 120 h had passed all the lenticels
were so far infected as to have been depressed below the
general surface of the tuber.

Experiment 2.9,

In this experiment, tubers were kept at 5,10,20 and
25'C for 29 days at 100% R.H., were inoculated by
submersion in & 36 h culture containing approximately
1.547 x 10%cells/ml., then kept at either 55 or 251C
for 2, 29 or 72 h at 100% R.H.

TeT.Ce treatment demonstrated that after 2 h there
were traces of infection in all samples. In 29 h and
72 h samples this was ertensive, having spread outside
the lenticels, to about Smm in the latter. The lenticel
anatomy of all samples was of the 'normal' type.

Conclusions.

It was concluded that entry through the lentlcsl
depended on the nature of its internal anatomy, and in
some cases ultrastructure, which appearead to be
controlled by the ambient relative humidity. In the
first experiment, where the relative humidities of
storage before inoculation varied resulting 1n the

formation of secondary periderm at lower humidities,
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infection was only possible where this barrler was
absent. The resistance due to the secondary periderm

was not broken by the passage of time. At 80.5%

relative humidity pretreatment it appears that the
filling tissue itself 1s a block to infection, but the
bacteria may enter between this and the primary periderm.

Where there was pretreatment at 0% R.H. cnd 58.3% Lefore
inoculation, infection appeared to be curtailed by the
development of a secondary periderm under the filling
tissue, this appeared similar to primary and wound
periderm described earlier. It is evident that even at
very low humidities a periderm sufficient to block
bacterial entry can be formed over a period of weeks if
under suberised filling tissue.

Pretreatment at 100% R.H. before inoculation appears
to favour the orthodox production of filling tissue,
which appears to be less of a barrier to infection than
the secondary periderm developed at lower relative
humidities.

When the relative humidities were varied after
inoculation only temporary inhibition of infection
occurred at relative humidities below 80.5% R.H. After
120 h all of the lenticels kept at different post-
treatments were rotted sufficiently for thelr depressions

to be visible to the naked eye.
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It appears that postreatment at 0% R.H. may prevent
subsequent infection by drying up the inoculum. There
is also the possibility that the death of the cells
below the filling tissue could prevent infection hy
releasing the chlorogenic and caffeic acid present in
their tonoplasts; infecticn does not however appear to
be checked by a special suberin barrier.

The effect of temperature, if any is of a much lower
magnitude, and protably affects the tuber generally
rather than the lenticel in particular,

Differences in temperature and posttreatment did not
strikingly affect the anatomy of the lenticels, and it
appears that the temporary check on bacterlal entry
caused by low R.H.after inoculation 1s a direct one
on the pathogen possibly caused by the drying up of

the inoculum.



ART 3, Initial colonisation of the potato tuber,
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Part 3, Initial Colonisation of the po*atc tuber.

Introduction.

Once the bacteria have entered the potato tuber there
is a period of initial colonisation before the cells
are completely macerated. This period is of interest as
it is here that the resistance induced in the host
begins to take effect.

Tubers were inoculated by submersion in a Lacterial
suspension as this method avoids the complications due
to the inoculum drying up, and provides an amount of
inoculum large enough to be non-limiting; comparative
measurements were made of the depth beneath fresh wounds
and lenticels that bacterial colonies were formed. In
this way it was hoped the innate morphological and
other differences between these two channels and their
effect on the initial stages of colonisation would be
established. The effects of temperature on these initial
stages were established.

The relative efficiency of these channels for the entry
of a known limited amount of inoculum, in a situation
where drying out of inoculum was important was also
investigated.

The results of the two methods, one involving a

comparison between a finite inoenlum and the other a
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practically infinite one are compared and discussed in
relation to situations occurring in the field.

Experiment 3.1.

To calculate the rates of initial colonisation through
fresh wounds and lenticels.

Materials and methods.

Grade 1 dry brushed King Edward tubers were washed,
surface sterilised in 0.1% mercuric chloride solution,
then washed in sterile distilled water, dried, then
inoculated by submersion in a 24 h culture either whole
or in slices. After a period of inoculation of up to 10
days, these were removed from the suspension, fixed in
Randolph's CyR.A.F., embedded in Ester Wax (1947), and
stained in carbol fuchsin and fast green. Using a
micrometer eyepiece, the perpendicular distances from
the surface of the furthest bacterial colonies next to
apparently healthy tissue were measured. In the case of
lenticels the area covered lay between perpendiculars
dropped beneath the filling tissue. From these
perpendicular distances the rates of colonisation were
calculated for lenticels and fresh wounds at different
temperatués.

Results.
The results expressed in Table 3.1.- graph 3.1l. show

that the rate of colonisation varies at different



Table 3.1

Fresh wound channel of entry;

Mean distance colonised (pn) at different temperatures.

Temp. ('€) Exposure to inoculum (h)
24 25 36 48 121 . . 143 165
5 354.8 362.1 508.6 534.3 768.0. 1033.0 [
10 329.8 396.6 554.7 547.5 1295.1 1592.0 1437.3
20 302.,0 431.0 [ 777.6 1575.2 1392.0 1427.3
25 447 .4 349.5 892.6 1135.1 1231.0 1048.0 1556.0
Pable 3.2

Fresn wounds and lenticels;

Mean distances colonised (1)

Exposure to inoculum (h)

11 19 23 o4 28 o4 a1 46 48 62

v

Fresh wdunds

39 133 241 291 408 468 529 524 529 711
Tenticels

853 344 264 124 578 543 360 649 464 614
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temperatures. At lower temperatures the colonisation does
not appear to Le checked as early as at 25'C where the
rate falls off after 60 h.

When the mean distances of colonisaticn through fresh
wounds are compared with those through the lenticels
(table 3.2), and graphs of the rates drawn (graph 3.2),
there appears to be an initial difference in rates of
colonisation which later disappears. The nature of the
two channels is sufficient to explain this difference in
rates, the larger intercellular spaces around the
lenticels allowing a higher rate at first which falls
off as the tissue encountered becomes more typicall:
parenchymsa.

Both the average rate. df gelonlsetion. threugh the
lenticels and that through the fresh wounds, .16.15um/h.
and 1l.34um/h. respectively, are far slower than the
rate of movement of the bacterium diffusing through a
liquid. Adler & Dahl (1966), uilime siucocse feaad 'that
1t diffused at 1730 um/h., wheras Escherichila coli

moved at over 700 jam/h. measured by the same method,

which involved movement over in a ceapillary tube,

using a microscope and clock, the distance moved was

over 10,000 um/h., Ogiuti calculated the latter as 9,000
am/h. From this it appears that the passage of baocteria
through the tuber is unlikely to be unrestricted diffusion.
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The actual distance that the bacteria travel
intercellularly is likely to be a factor of
approximately /iD/2 more than the distances quoted above,
where D is the sum of the diameters of the cells
traversed, as the path taken by colonising bacteria must
be between, rather than directly through, the host cells.
This increesed figure, of course does not bring the rate
equal to thét explicable by unrestricted diffusion.

The nex% series vl eygerimeats wers te determine how
efficlent the different channels are quantitatively in
allowing inoculum to enter the tuber.

Experiment 3.2.

To determine the relative amount of lnoculum entering
through different channels of infection.
Method.

Dry brushed grade 1 King Edwxrd tubers from a store

at 5°C and 7896 R.H., were washed in tap water, surface
sterilised in 0.1% mercuric chloride, washed in sterile
distilled water, then drled. Van Tieghem rings were
then stuck to surface of the tuber with ester wax over
various types of areas, such as periderm with no
lenticels, the eye region, area with lenticel, fresh
wounds etc.. Other types of adhesive, includlng
vaseline, which melted away, and‘depex'which was toxic

to the tuber, were tried without success and were



discarded in favour of ester wax. The'wells' formed by
the van Tieghem rings were inooulated with 0.5 ml of an
18 h culture containing 4.32 x 109cells per ml washed
off a nutrient agar'slope culture with sterile distilled
waeter. The tubers were placed in a relative humidity
chamber at 100% R.H. and 25'C.
Results.

After five days the mean amounts of inoculum left in
the well were as follows.
i) . peridevmwith mo Yenticels. . .0,20 &l.
1i) periderm with one lenticel. 0.13 ml.
ii1) periderm with two lenticels.0.09 #l.
iv) wound, two days old. no inuculum present.
V) fresh wound, no inoculum present.
vl) eye region with leaf scar. 0.01 ml.
vii) glass slide control. C.5 1l

Conclusions.

It appears that the liquid component of the inoculum
rzay enter the tuber readily at fresh and recently
healed wounds, almnost as readily at the eyes, and more
readlly through the periderr: where two lenticels are
present than one, and ncre where one 1s present than
none. These results ccnfirm the findings of the gentian
violet experiment described earlier, but the high rate

of 8bsorption here may be due to active uptake of water.
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The initial colonisation of the tubers 1n the field may
well depend upon active uptake of inoculum by the host.
In the case of gentian violet, particles only entered
through fresh wounds and the lenticels, sc that even if
active uptake does operate to draw water into the tuber
then this can only initiate infection if large enough
gaps are available for bacterial entry.

Discussion,

Anmong other factors it appears that the initial rate
of colonisation depends on the channel of infection,
the temperature; and perhaps the ability of the under-
lying tissue to take up water. There 1s no single
relationship between the rate of this apparent active
up-take of incculum liquid by the different channels
of Infection and the bacterial colonisation of the
underlying tissue. For example, both the periderm and
the eye region appear to take up lnoculurmr, but neither
show bacteria con secticning, presumably since they ocan
absorb water but not bacteria. |

Initial colonisation is a stage in potato soft rot
that deserves further study as the early stages must
take place in the absence of defence systems which
develop after infection.

, The part played by the host in taking up inoculum

appears to be an important factour under field conditions
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where organisms may be scattered through the soil water.,
This facet of inféetién-requires further investigation,
as does the ineidence of Erwinia in soils under all

conditions especially when the inoculum is very low.
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Part 4

Spread inside the tuber,

Introduction.

" The invasion of the interior of the potato by the
bacterium appears to follow a common cuursSe regardless
of the mode of entry.

Once inside the tuber the bacterium appears tv be
corrined to the intercellular spaces during the early
stages of infeotion. Infection is not uniform in any
area of tissue more than a few cellé in extent. This is
visible both at the eellular amnd subcellular levels,
This was found when the effect of temperature on
cytoplasic damage in apparently uniform tissue, at
given levels in the tuber from the infection front
was then investigated., Different states of cytoplasmic
damage could be seen in adjacent cells at any one level.
An intercellular space colonised by bacteria 1s
surrounded by adjacent intercellular spaces and primary
cell walls which show signs of rotting without bacterila
being present, therefore the number of bacteria present
in an electron micrograph may not reflect the extent of
cytoplasmic damage in the particular level being
examined,

Colonisation of the intercellular spaces progresses

in a well defined way: the intercellular spaces beoome
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enlarged and portions of the primary cell wall leading
from them are dissoclved, permitting the bacterium to
move into the newly created space. This can be seen in
light micrographs where the bacteria can also be seen
to be aligned in one direction (plate 4.l}.

At no time do the Frwinia cells enter the she#t cells,
except in the case of the cells containing calecium
oralate discussed later. In the final stages of rotting,
Bacillus may enter the host cells and form spores (see
part 7).

Spread through vascular tissue and pzrenchyma ; an

assessment of relative importance and mechanisms.

Vascular tissue.

As well as the steady spread of soft rot through the
cortex, stocrage p&@nchyma and pith cells of the tuber}
there may be narrow 'horns! of rot extending up the
vascular strands. Using light and electron microscope
techniques, the nature of this rot was studled; the
vasculaer parenchyma can be seen to be much better
preserved than the storage parenchyma whilch 1s macerated
and shows cytoplasmic damage (plate 4.3a). This was
confirmed by using the same material forvelectron
microscopy (plates 4.3 b & c). Scuc phluem sieve plates
in this rotted vascular tissue MWas. Mdcked with callose

(plate 4.4), which appears similar to that described by

g
3

.
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BEsau and Cheadle (1965) in electron mierographs of
‘hcurbita, healthy tissue. Callose may also be seen in
healthy tuber phloem of potato {(plate 4.5 ).

The effects of the vascular rot on the storage
parenchyma are localised and the sgtructure of the :
cytoplasm is not particularly badly damaged even at 2510,
es little as 250 pm away from the vascular tissue (plates
4.6 & 4.7).

Stalning with ammonﬁ@al gentlan violet reveals that
the extent of the suberisation is more extensive in the
vascular tissue than in the storage parenchyme (plate
4.8); osmic acld staining as well as showing suberin
also shows melenin granule oontaining cells which may
or may not be abundant (plate 4.9) in the storage
parenchyma; thelr ocourrence accounts for the dark
colour of the vascular rots. The melanin reacts to
both Lillle’s and Gomeorit's tests the former being
diagnostie. (Lillie,1957; Gomori;1952).

gonclusions.,

It appears that the spread of the pathogen through
the vascular tissue is through the sleve tubes and
vessels, but 1s confined to them by suberin and perhaps
polyphenol oxidation products, the former in the
vascular parenchyme and the latter in the storage

parenchyma. Pectolytic activity 18 not so confined and
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may cause localised rotting of the adjacent storage
parenchyma, but with less than complete cytotoxic
damage. If healthy vascular issue is sectioned, under
the electron microscope it can be seen that vascular
parenchyma is small-celled with no intercellular spaces
and appears to be suberised as is some of the adjacent
storage parenchyma (plates 4.10a & b, and 4.11). This

is confirmed by sectiovns stained with ammonigal gentian
violet; hand sections stained with Hoepfner-vVorsatz
reagents indicate a locally high concentration of cells
containing polyphencls in their vacuoles, but melanin
although present is rare. It is evident from this that
the infection is not contained due to a host reaction
barrier but rather to¢ the normal anatomical structure of
the vascular tissue. Vascular tissue does not appear to
be the majcr point of spread in the tuber, but rather is
a secondary effect ¢f the spread through the parenchyma,

The Parenchyuma.

In contrast to the lccalised spread of incculum through
the vascular tissue by rapid intracellular nmcvement, the
majority of the bacteria spread intercellularly through
the storage parenchyme. This spread is at first entirely
confined to the intercellular spaces with very little .
inoculum between. If the advancing edge of a 121 h ¢ld

Infection is secticned, ycung intercellular colonies are
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found(plate 4.12). The bacteria appear to occcupy &
central zone (1) which is heterogeneous, with scme of
the material contiguous with the outer homogeneous zone
(2) which is in turn enclcsed inside the cell wall in
the newly created space to one side of the original
intercellular space (3). Whether this zonation is an
artifact due to the reacticn of the original structure
with the fixative,or due to shrinkage during dehydration
and embedding, or is a natursl structure, perhups due to
the zonation of breakdown products of pectolysis, 1s not
conclusively determined. The former seems unlikely
however, due to the good preservation of the individual
cells which as pointed out by Kellenberger are very
sensitive to fixation and embsdding techniques. In the
adjacent secondary sites of rotting (plate 4.13 a,b.},
where there are no bacteriu present, there is no central
zone, only zones 2 and 3 are present.

After the rot has begun to macerate the pctato storage
parenchyme tissue as in the 36 day c¢ld sample, taken
approximately S5mm behind the advancing edge, where the
tissue is still cocherent, this discrete zoned nature of
the small coulony has disappeared (pletes 4.14 a,bL,& @.
Whether only the discrete colony is-active pectolyticully,
and is surrounded by the zoned products of pectolysis,

which are sbsent when the primary cell wall has been
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completely utilised, or whether the discrete colony is
broken up by staling product poisoning in the older
infection has not been determined. In later stages of
infection, the bacteria may occupy the former position
of the primary cell wall which has been etched away,
as well as the old position of the intercellular space.
In the terminal stages of infection Bacillus cells may
be seen inside the cells but this behaviour is not
characteristic of Erwinia except in the wvascular tissue
and in the calcium oxalate cells of the cortex. Both of
these exceptions are described later in more detail.

Conclusions.

From the evidence it appears that the spread of
infection through the tuber is primarily Intercellular
through the parenchyma, but vascular infection does
occur without much attendant bacterial spread, due to
the nature of the vascular anatomy.

Intercellular spread through the parenchyma 1is of at
least two phases, the first comprising small compact
zoned colcnies, the latter 1is dispersed and unzoned;
the former 1s associated with active spread, the
latter with the terminal stages of maceration.

The processes of tissue degradation are fully discussed
in the next section, but it appears evident that the

extent of the effects of the rot at any one level are
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not homogeneous,; each colony has secondary effects on
adjacent cell intercellular spaces, and cytoplasumic

damage also radiates from foci.

Calcium oxalate containing cells and their colonisaticn,

and possible relevance to individual tuber susceptibility.

Introduction.

Brwinia is in general intercellular , not intracellular
in the potato, as already noted in the early stages of
infection, but Paton (1969) observed that certain potato
tuber cells become internally colonised. In these cells,
about 1% of the total in the tissue, the pathogen
appeared to multiply rapidly and to be extremely motile;
the cells were opaque in hand section. This description
fits the cells (plates 2.22 & 4.15) found between the
phellem and cortex of the tuber, which are the only cells
to be entered during the early stages of infection
(plate 4.16). These cells are most common beneath the
lenticel and may be seen independant of variety, season
or storage pretreatment of the tuber. A tangential cut
beneath the periderm reveals %hese cells as white,
evenly spaced particles easily visible to the naked
eye., Under oil immersion the cell contents can be seen
to be theart shaped' crystals 2-10 um long;

apparently embedded in mucilage. When treated with
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corallin in 4% sodium carbonate, the crystals are
negatively stained against a pink background indicating
mucil®ge is present (McLean & Ivimey-Cook 1952). When
guinalizarin in ammonical solution is used in a dye-
lake reaction a blue stain, charagteristic of calciun
oxalate,(Broda,1939) results. Using a polarising
microscope and oils of different refractive indices,
the refractive indices of the crystals placed on a
glass slide were found to be x= 1.515 - 1.532,
y= 1,501 - 1,620, 2z = 1.626 - 1.657; these fall very
near those of calcium oxalate monohydrate (x = 1.491,
Yy = 1.551, z ® 1.645). The crystals are also vitreous,

pearly, yellowish, soluble in 1 N HC1 and Hz S04 pyu¢

not in distilled water in common with calcium oxalate
monohydrate (Winchell,1954). If crystals on a glass
slide are coated with carbon, shadowed with Pt/Pd
floated off from N/10 H ¢ 1 and examined under the
electron microscope the shape of the crystal 1s also
that descrited for calcium oxalate monohydrate, i.e.
(plate 4.19), simple prismatic or orthorhombic, the
faces being irregularly developed. When crystals or
sections are scanned using an X ray spectrometer, calcium
is found to be present in the crystals and in the
sections where crystals are present., X ray diffraction

studies were marred by the presence of starch in the
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samples, which obscured the pattern.

Pathology of the Calcium oxalate containing cells.

As Trwinia does enter these cells ( plate 4.16), and
the view has been expressed that free calcium is
important to bacterial spread in the potato (Paton,1969)
a survey of bacterial colonisation in relation to the
aburdiance of the cells in a particular lenticel
appeared essential. This seemed especially important as
there is some individual variation in rate of penetration
through this channel of infection during its early
stages compared to fresh wound entry ( graph 3.2) in
sanples of similar anatomical disposition. The survey
was made on Randolph's CRAF fixed tubers inoculated
for various lengths of time by submersion in an 18 h
Erwinia suspension at 25'C embedded in 1947 Ester Wax,
and examined as 12 um sections stained in carbol
fuchsin and light green; this staining procedure was
adopted as the bacteria staln green and the calcium
oxalate crystals become intense yellow. Two points
were investigated:

i) do the calcium oxalate cells provide a scurce of
energy for the bacteria and if s¢ is the number of
'erystal cells' diminished by colonisation of the
lenticel?.

1i) is the number of 'crystal cells' a factor in :
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determining the number of bacterial colonies present
or the depth at which these are found vertically
beneath the lenticel?. The maximum depth of entry was
defined as the vertical distance between the potato
surface and a bacterial colony, one developed
suffTiclently to be acen under the .01k immersion
objective (x 900), within a few cells of the infection
interface., Sections through the middle of lenticels
submerged for 14~28 h and 39-62 h were compared, &
sample of 39 in the former and 35 in the latter,

The mean numbers of calcium oxalate cells present were
found to be 1.8 and 2.2 cells/section respectively. It
was therefore assumed that although the surrounding
cells were macerated and their contents completely
destroyed this was not true of the calcium oxalate
cells.

There was no significant correlation between the
number of calcium oxalate cells and the number of
bacterial colonies or their depth of entry even at
F® 0.10, as judged by @ t-test on 19 hour submersion
infected lenticels. This confirms the view that the
colonisation of the calcium oxalate cells 1s possibly
due to the nature of the cell wall rather than that of
the contents, Under the oill immersion there did appear

to be a thinner cell wall round the calcium oxalate



cells than the surrounding cortex, but this could not
be more critically proved as the crystals locally
blunted the glass knives used on the ultratome,making
thin sections of these cells impossible to obtaine

The possibility remained that the calcium oxalate
cells could promote bacterial growth by increasing the
corcentration of available calcium but it was assumed
that the decrease in the DpH necessary for this event
would not permit the bacteria to survive in the
vicinity which they evidently do in the lenticel
(plate 4.16).

In cortical cells of the potato tuber isoclated
crystals may be found inside microbodies 1in the
cytoplasm and these survive soft rotting. There is no
proof that these are calcium oxalate crystals but it
appears that cells which contain large quantities of
calcium oxalate are surrounded by cells which contain
this substance in the form of individual crystals.
Plates 4,17 & 4.18, show these crystals in healthy
and rotted tissue respectively and their shape is
compatible with the replicas in plate 4.19.

Conclusion.

It was concluded that calcium oxalate cells play no
great part in Erwinia colonisation and cannot explain

the Individual irregularities in the rate of entry
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through the lenticel which must be due to the influence
of an unknown factor. The complex nature of the state
of suberisation of the cells of the filling tissue,
phellogen, and the area between them and the primary
periderm and the effects of the environment on this,
haeve been discussed earlier and may be this factor
cot1d be an expression of the different histories of
different tubers withim a single batch rather than

something more tangible.



Plate 4.1 (x 1,500, light micrograph)
Longitudinal section through bacterial colony in soft rotted
tissue, the individual Erwinia cells are generally aligned
in the same direction.

( carbol fuchsin, fast green,)



Plate 4.2 8y (x 120, light micrograph)

Longitudinal section through infected vascular tissue
fc
shcwing bacterial colonies in the xylem and phloem elements.

( carbol fuchsin, fast green.)



Plate 4.2 b, (x 6,000, electron micrograph)

Trensverse section through an infected secondary thickened
xylen element,“.

(osmic acid, lead citrate).



Plate 4.3 a. (x 252, light microscope)

VP

Infected vascular tissue showing intact vascular parenchyma.

(phose contrasts)



Plate 4.3 b, (x 1,500, electron micrograph)

Transverse section through infected vascular tissue showing
S
g0ft rotted storage parenchyms but relatively intact

vascular parenchyma, VP

(osmic acid, lead citrate.)



Plate 4.3 o, (x 15,000, electron micrograph)

Yesoular parenchyma near infected vascular tissue showing
the relatively intact cytoplasm and suberin in the inter-
cellular spaceg and between the cell wall,

(osmic acid, lead citrate.)



Plate 4.4 (x 6,000, electron micrograph)
3
Phloem from infected vascular tissue, blocked with callose.

(osmic acid, lead citrate.)



Plate 4.5 (x 15,000, elec” "on microgrerr)
Phloem from healthy tissue blocked with callosef;

(osmic acid,lead citrate.)



Plate 4.6 (x 15,000, electron micrograph)
The cytoplasm of the storage parenchyme is not damaged
as much as the cell wall, in tissue near vascular infection.

(osmic acid, lead citrate.)



Plate 4.7 (x 40,000, electron micrograph)

The eyboplasm of storage parenchyma near infected vascular
tissue, has fairly intact mitochondrt.er\d.espite a disinte~-
grating cell wall,

(osmis acid, lead citrate.)



Plute 4.4 (x 120, light micrograph)
Longitudinal section through infected vascular tissue
stained to show suberin, indicating that the vascular
parenchyma and some of the storage parenchyma is suberised.

(ammoniscal gentian violet.)



Plate 4.2
——0 ——

(x 120, light micrograph)
Longitudinal section through infected vascular tissue
showing rotted cells and melanin granules (arrowed) present

in the tonoplasts of the surrounding storage parenchyms
cells,

.

(osmic acid, lead citrate.)



Plate 4.1C =. (x 3,000, electron micrograph)

Trznsverse section through vascular parenchyma of healthy

tuher.

(osmic acid, lead citrate.)



Plate 4.10 b. (10,000, electron micrograph)

Transverse section through vascular parenchyma cell from

hralthy tuber showing cytoplasm and suberised cell walls.

(osmic acid, lead citrate)



Plate <.11 (x 20,000, electron micrograph)

Suberin plug in the intercellular space of storage paren~-
chyma near vascular tissue from healthy tuber.

(osmic acid, lead citrate)



Plate 4.12 a. (x 3,750, electron micrograph)

Early colony of Erwinia showing zonation. The bacteria are
confined to the central zone (1), around this is the
homogeneous zone (2), and the space occupied by the original

intercellular space ™.

(osmic zcid, lead citrate.)



Plate 4.12 b, (x 37,500, electron micrograph)

Section through central zone (1) of an early Erwinia colony.

(osmic acid,lead citrate.)



Pl - te 4,12 c. (x 80,000, electron micrograph)

Section through early Erwinis colony showing the fine-
structure of zones (1), (2), and (3) of plate 4.12 a.
(osmic acid, lead citrate.)



Plote 4.)3 a. (x 15,000, electron micrograph)

Intercellular space of subsidary infection near bacterial
colony, showing zones {2} and (3) only.Stored at 10'C,
note fairly intact cytoplasm.

(osmic acid, lead citrate.)



Plate 4.13 b, (x 6,000, electron micrograph)

Sukgidary intercellular space rot near bacterisl colony.

Stored at 20'C note more cytoplasmic damage than plate 4.13

8,



Plzte 4.14 c. (x 3,000, electron micrograph)
Older infection showing the absence of zoned colonies,
the baeteriésare loosely spread between the cells.

The microbodies are enlarged (arrowed) and all that is
left of the cytoplasm apart from the plasma membrane.

(osmic acid, lead citrate.)



Plate 4.14 b. (x 7,200, electron micrograph)

Completely macerated cells of old infection, showing
8

bacteria™ confined to the spaces between the cells.

(osmic acid,lead citrate.)



Plate 4.14 G, (x 25,000, electron micrograph)

The bacteriaﬁare contained in the enlarged gap between
the cells in old infection, the cell wall itself 1s
swollen and the fibrils separated.

(osmic acid, lcad citrate.)



Plate 4,15 5 (x 980, 1light micrograph)

Calcium oxalate cell beneath the lenticel.

(phzse contraste)



Plate 4.16 (x 252, light micrograph)

Infection of calecium oxalate cells by bacterial colonies

(arrowed) .

(carbol fuchsin,fast green)



Plate 417 (x 20,000, electron micrograph)

Crystal in microbody (arrowed) in cell beneath the lenticel.
(osmic acid, lead acetate)



Plate 4.18.a, (x 40,000, electron micrograph)

9.5 (x 80,000)

Crystals im oytoplasm of soft rotted cells.
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Ilate 4.18 c. (x 30,000, electron micrograph)

;0 Sbr
Crystafain cytoplasm of soft rotted cell, starch grains
also remain unaltered.

(osmic acid, lead citrate)



. (%30,000) b. (x40,000) c. (x40,000)

(x20,000,electron micrographs)

P4/Pt shzdowed replicas of crystals from calcium oxalate

cells,
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Paret B

Tissue degradation,

Introductione.

AmoNag tie syrptoms of soft rot described by other
workers using light microscopy have been maceration,
cytotoxiceity, osmotic damage, and changes in the nuclear
size (Wo0d,1987). None o these host reactions has been
studied at the electron microscope level and most of the
workers have studied only a singlce syptom. Many of the
sypbons 2ro intercomnected and the way in which they
combine to form a picture s—=pieobwme of tTigsue degradation
appears to have economic relevance. It is ths rot

visible to the naked eye which offends; rotting muy

oftaen be advanced at the cellular level at low tempcraturc
but not bc evident on visual inspection of the tubers.

Tie effects of the pectolytic snzymss produccd by
Ersinlc on the the primary cell wall have becn extensively
studied from a biochomical viewpoint (Wool, L907).
Althousit the precisgs distribution of the substrate for
cach enzyme isolated has yct to be clucidated, the work
of Cslonge, Ficlding, Byrds, & Akinrsfen (1969) is of
this type butl on fungal oxtraccllular onzymes. Less
emphi:gis has beon nlaced on the cytotcxic effoets of

& Codvle,
soft rot; Pitt (1969) nhas reporisi nn incercasc in thoe

sizoc of thc potato ccll lyzosomos in the rcgion which
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has been soft rotted, comparcd with thosc in hcalthy
tissuce. Butler & Jones (194%) refar to un iacreass in
size of the nucleus of turnip root tissue during soft
rot but little othoer refsrence 1o this phenomenon has
been made, although Allen (19:¢) ohserved similar nucle.r

swelling in wheot after infection by Puccinia grorminis

tritici o

The diffement zspocis of tissue degradation have been
split into cell wall, plasmodcsmatal, cytoplasmic and
nuclecar damagog Where points of similarity occur thesc
are discussed.

1, Cell wall 4229,

Bvon ot the exrliest stages of soft rot infection
visible to the naked eye, thore ig evidenco of maccration
of the tissues, but beforc this there is little sign of
damage even at the highest power of the light microscopc,
I2, a8 suggested by enzymological studies there is littlc

evidenes of cellulose degradation by Trwinia in vivo,

cven though in vitro degrad.ution may occur (aAmman,l952),
the relatively extensive removal of pectic substanccs
would be almost undctoctable by light microscopy.

The electron microscopy of this thin arca can provide
further information into the process of macorntion.
Albersheim's method of stuining can be arployed o

dotermine the distribution of methoxyl groups (giving
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evidence of pecetinates) in the cell wall (albersheim,
Mihlstaler, and Froy-wWyssling, 1960). As well as tho
histochemicnl staining the clectron microscopy of soft
rotted tissuc has the advantage over light microscopy
in that the part played by the plasmodecsmata in hol ling
together othorwisec maccrated tissuc can be dctermined.

Experiment 5.1

To determine the cxtent of the damango to tho cell woll
pcectin by Brwinia rot using Albersheim's method.

Matcerials and mothods.

King Edward ftubers were inoculated with approximatcly
4 x lOllcells/ml of inoculum by means of a well borod
into the surfacc of a half tuber and incub-tcd at 25'C
and 100% R.H. until a zonc of well dofined rot had
dcveloped. Transccts across the diamcter of the tuber
were then made and samples alcng oach transcet wore
taken ond fixed in 5% formaldchyde. These woro then
staincd by Albersheim's method wnd ftor dehydrwtion
cmbedded in wr.ldite. Sccetions werc cut 2t 2 um and
50 nmvani.usalfor both phase contrast and clectron
microscopy, and compared with similar preparations
from uninfected storsge parcnchyma.
Results.,

Plate 5.1 shows the rosults of st-ining on uninfoctecl

tissue. In a. o section through stornge parcnchymn
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cell wall away from the intercellular spaces; the pectin
is widely distributed across the central area; where the
section is nearer the intercellular space, the pectin 1is
more centralised. In 5.l.b. where an intercellular space
is sectioned, the process 1s even further advanced, with
pectin coating the intercellular space. Using &

a caromoscan 1005 aperture and 490 lamp and filter, a
scan showed that across plate 5.1 (b) over 60% of the
peetin is in the middle 10% of the cell wall; nearer

the intercellular space the concentration of pectin

in the middle of the cell wall is even greater.

Pectin 1s apparently absent from tissue which is
thoroughly rotted and the cell wall is rather 'ragged!
to the inside where it has split apart (plate 5.2.u.)
Where the tissue is le§s rotted;(p}gte'b.z (b) the
nature of the brooess by which pectin is removed can be
examined. In the latter the intercellular space appears
to be enlarged by the removal of pectin from around the
inside of the spacec as well as from between the cell
walls; here there is not the 'raggedness'! seen where
the pectin was removed from the ccll wall away from the
intercellular space. Again, this suggests that the
pectin is not so broadly spread through the cell wall
in the neighbourhood of intercellular space or

elsewhere,
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WEsa’fﬁese results‘ggékzompared with the pictures of
tissue fixed in 1% osmic acid in Kellenberger buffer
with 5% sucrose) i=whweesh the whole cell wall can be
seen in greater detail from the preparation stained
by Albersheim's method.are—sonfismmed. Plate 5.3 a4,
shows a 143 h old rot in which maceration is more
advanced at the bottom right that it 1s at the top
left; at the top left the centre of the cell wall is
intact, the centre is then removed, and the final
stage involves destruction of the remainder of the
cell wall from the inside to the outside with a
corresponding increase in thickness. Plate 5.3 b,
shows the preferential removal of the centre of the
cell wall, plate 5.3 ¢, shows where the remains of
the plasmodgmata hold‘together neighbouring parts
of a cell wall which has reached the stage where the
disintegration has extended beyond the central zone.
Fibrillar or lamellar material may be found between
the cell walls which have been macerated (plate 5.3 d.).
Whether this is a component of the cell wall which
has been exposed or is a by-product of bacterial
metabolism is not known.

When well rotted tissue 1s examined it can be seen
that although the cell wall is much increased in

thickness, this swelling is irregular with constricticns
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at the plasmodesmata where the cell walls are held
together. (Plates 5.4 a & b,) Whether there 1s a change
in the overall surface area of the cell walls our not

is difficult to ascertain but it is significant that
the mean gap round the central microtubule canals in
plasmodesmata of healthy storage parenchyma is 91 n.n.
but after soft rotting it may be increased as much as
231 n.m., plates 5.5 a-b. It is not clear whether this
indicates a general increase in the surface area due to
a loosening of the fibrillar structure of the cell wall
in its matrix or the reverse, or neither. The increase
in the thickness of the cell wall suggests the former
is true.

2. The plasmodesnata.

The fine structure of higher plant plasmodesmata has
¢ Thimann

recently been described by O'Brienﬁ(1967) and Robards
(1968) . The plasmodesmata of the potato storage cells
conferm to the type found in oat coleoptiles by the
former worke®. The possibility that bacteria in the
vegetative state could pass through them is unlikely,
as both workers have calculated that the width of the
connecting microtubules would prohibit even macromole-
cule passage.

Plate 5.6 illustrates the structure of the plasmcdes-

mata in potato storage parenchyma. These appear to be
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unbranched, and there appears to be no intercellular
continuity unless the plasmalemma lines the plasmodes-
matal canal, but this may be a different membrane

(plate 5.6c). The centre of the plasmodesma is traversed
by a desmotubule, and from the sections it appears
unlikely that there is space enough for any other
structure, for example endoplasmic reticulum. Between
the two cells there may be a central cavity as described
in oat coleoptile, making the concept of direct crto-
plasmiec continuity umlikely. There appears to be some
convoluted plasmodesmatal tubules in this central
cavity. The plasmodesmata or part of them, the tubules
may be attached to the cytoplasm in old infections
similar to the results of plasmolysis described by
Sitte (1963) in Eledea cells.

It appears unlikely that when a cell wall is
macerated thadl sSeverance of the plasmodesmata in the
region of the middle lamella would disrupt any cyto-
plasmic continuity between the cells macerated., In
fact the plasmodesmata are the last section of the
cell wall to become macerated plate 5.4, and the
transverse microtubuleg appear to hold the cell wall
together such tissue appears coherent to the naked eye.
When the plasmodesmatal connection breaks as it does in

older infections, a hole is made which could allow



Plates 5.1 a.(x60,000 )s_be (%20,000)

Electron micrograph of a., section through storage parenchyma
cell wall away from intercellular space, and b, at intercoll~

ular space, stained to show pectin. (Albersheim's reagents).



Plates 5.2 a. (x 6,000) b. (x 8,000) Eloctron micrographs.

ae« Storage parenchyma cell wall after soft rotting, stained

to show pectin, nonc detectable; be intercellular space of

the same, (Albersheim’s reagents).



Blates 040 a4 (X 15,000) be (x 30,000 ) Electron micrograph.

W\
Degradation of the cell wall. Note intact mitochondrion in b.

(osmic acid, lead citrato.)

'l



Plate 5.3 c. (x 30,000)

Late stage of cell wall disolution showing the plasmodesme
embodded in the separated fibrils,ovwﬂﬂ*.

(osmic acid, lead citrate)



Plate 5.3 d. (x 20,000, clectron micrograph)

Section through early stage of maceration of the cell wall
showing lamellar or fibrillar material in the nowly created

space (arrowecd).

(osmic acid, lead citrate)
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Plates 5.4 a. (x6,000 )_bs (% 15,000)

The increase in thickncss of the cell wall on goft rotting
is not uniform, &. shows constriction at the plasmodesma,

arrowsd. (osmic acid, lead citrate)



Plates 5.5 a+. & be (x 40,000, clectron micrograph)

Sectiors through plasmodesmata, transverse to canals,
as from healthy tuber b. after soft rot.

(osmiec acid, lead citrate.)



Plates 5.6 a, (x 20,000) by (x 30,000)

Plasmodesmate from healthy tubers showing the structure.

(osmic acid, lead citrate.)



Plates 5.6 ¢. (x 120,000) d.(x 80,000) Electron micrographs,

Details of plasmodesmatal structure, desmotubules arrowed.

(ceric acid, lead citrate.)



Plate 5.6 a.

(x 20,000, electron micrograph)

Break in the cell wall at the position of dscayed plasmodec-
8
sma, in terminal stage of maceration.Note bacteria and

lamellar or fibrillar materiale.

(osmic acid, lead citrate.)



Plates 5.7 a. (x15’000 ) b. (x 30,00C) Electron micrographe,

The plasmodesmata remain attached to the cytoplasm in old

infection., (osmic acid, lead citrate.)



Plate 5.8 a. (= .’6'000) ™
Late stage of infection at 25'C showing enlarged microbodies.

(osmic acid, lead citrato.)



Plate 5.8 b. (x 6,000, electron micrograph)

Macerated cells from infection kept at 25'C, showing the
enlarged microbodies.‘ﬂg

(osmic acid, lead citrats.)



Plate 5.8 c. (x 5,000, electron micrograph)

Macerated cells from infection kept at 5'C, note the better
preserved cytoplasm,(e.g. the plastid containing the
s len P ‘
starch grain ot tep—3e£t ) than those kept at 25'C.
(osmic acid, lead citrate.)
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bacteria to enter the cell (plate 5.6 .).

,S.Qthplasmic domage,s

At the terminal stages of cytoplasmic disruption, the
cell is left with B nere or 1leos complete plasmalenna,
vlthough this is torn away fresy the cell wall wheres 1t
may be attachel to the plasmogesriata. This necbrine.
dees not appesr to -huve suffercd the sazme dukage S
seep in osmctic plesmolysis (Sitte 1966). The nucle.r
renbrane is still intoact, «8 are the ne.byenes round
the ipternul vacucles, but the cytoplasm 18 reduced to
renbranes anGg what.appear to be enlargeid uicrobedies |
{plete 5.8 o & b }. 4t temperatures below 25'C the
mlercbodies do not become enlarged and there is less
cytoplasmic damage. Plates 5.3 b and 5.8 c¢ are of
tissue maintained at 5'C and mitochondria, multifunct~
ional plastids and endoplasmic reticulum survive next
to severe maceration.

The range of cytoplasmic damage at any given point
in a rot is very variable and any effect is localilsed
to the extent of a few cells, but the severity of
damage seen at higher temperatures is always greater
than that at low temperatures. The state of the
cytoplasm has an important bearing on the visible state
of the rot to the naked eye. Different tissues equally

macerated at the electron microscope level look and
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smell quite different; slimey rots tend to have severe
cytoplasmic damage.

Pitt (1969) has deseribed the increase in diameter of
lysosome~-like particles in the potato storage parenchyma
during infection by EBrwinia, Using & histochemical test
to localise acid phosphatase (Barka,1960) very small
posnts less than 0.5 pm in diameter gave a positive
reaction in healthy tissue of XKing Edward used in this
investigation, but positive reactions were given by
bodies of over 5.0 pm diameter in diseased cells. The
only bodies of sush sizes apparent in healthy and rotted
tissue respectively are the microbodies (Plates 6.7 b. &
5.8 a.).

If the microbodies seen in the electron micrographs
possess the attributes of lygosomes (De Duve,1959) they
may be responsible for cytoplasmic damage. As these enlarged
microbodies were not extensively developed at temperatures
below 25'C, it is possible that their scarcity 1s respon-
sible for the better preserved cytoplasm in low temperd-
ture rots. However it is possible that a 'cytase!
produced by the host under the stimulus of infection
may be responsible for both cytoplasmic damage and
microbody development independently.

When stained with neutral red after 1% KOH (Strugger,

1935) to show cells in which the tonoplast was intact
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and staining 'cherry red!', none of the cells behind
the bacterial infection front proved to have intact
tonoplasts, nor did a layer of cells, 200 - 500 um
thick in front of the bacterial advance. From this
it appears that substances diffusing from the bacteria
or from the damaged cells cause the tonoplast membrane
totlieak', before the bacterisa come into contact with
the cells. Although leakage of the plasmemembrane
cannot be detected in electron micrographs,the benaviour
of the nuclear membrane is readily observable.

4, Nuclear dambge. _

Butler & Jones . {1949) suggest that the nucleus of turnip
root cells increases in diameter during infection by
Erwinia, and it was decided to critically test this
hypothesis in order to obtain an indication of the effect
of soft rot on the cell membranes generally.

Experiment 5.2

To ascertain whether the nucleus increases in size with
infection by Erwinia.

Materials & methods.

King Edward Grade 1 drybrushed tubers were surface
sterilised with 0.1% mercuric chloride, and sterile
slices taken and placed in an 18 h shake culture
containing approximately 1.03 x 109 cells/ml of Erwinia.

After incubation for up to 50 h at 25'C, samples were
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removed and fixed in CRAF, embedded in 1947 ester wax,
sectioned &and stained in carbol fuchsin and fast green.
The nuclear diameters of the first intact cells within
1,000 pm of the cut surface were measured with a
micrometer eyepiece. In other tubers, sterile distilled
water or nutrient broth replaced inoculum, and yet
others remained untreated as controls.

Results.

Increase in nuclear diameter 1s characteristic of
submergence in sterile distilled water, and nutrient
broth as well as in Frwinia culture Graph 5.1, 5.2,
5.3). Both of the former might possibly have been due
to latent Bacill®Ws infection as discussed in part 7.

o

However, neither of the former treatments showed the

rapid drop in nuclear size after 40 h seen in the
Erwinia culture (greph 5.1).

Fleetron micrographs of nuclei at variocus stages of
rot (plates 5.9 - 5.11 illustrate this sequence. When
the diameter of the nucleus is at its greatest (plate
5.10), there is some budding off of fragmeants of the
nuclear membrane (plate 5,11), followed by nuclear
collapse.

Conclusions.

It appears that the soft rot affects the nucleur

membrene, causing it to stretch and collapse. It Seems



Plate 5.¢ (x 6,000)

Nucleus and nuclceolus from hcalthy tuber cell, showing
the normal size and distribution of nuclear material.

(osmic acid, lead citrate.)



Plate 5,10 (x 10,000, electron micrograph)

Nucleus and nucleolus aftey 43 h exposure to soft rot,
note prportionally larger nuclear size, together with
some 'budding off' of the nuclear membrane (arrowed).

(osmic acid, lead citrate.)



Plate 5.11 (x 6,000, electron micrograph)

The remains of the nucleus and nucleolus in a cell after

36 days expostre to soft rot. Note the enlarged microbodics
ingidec the plasmamembrane together with vacuoles and other
membrancs.

(osmic acid, lead citrate.)
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possible that this effect is not confined to the
nucleus, (plate 5.10Q}, bttt may 'extend to other membranes
ag8 the mitoohoﬁdria Plate 5.3 b) =nd plastids may be
swollen at early stages of cytoplasmic damage. It is
difficult to compare the behaviocur of the plasmaleiymp
which appears.closely adpressed to the cell wall in
early infection but appears as if contracted in later
stages (plate 5.11) due to cytoplasmic plasmolysis,
but may be attached at the plasmodesmata(plate 5.7a.& b.)
before this, c¢.f. the stages of plasmolysis (Sitte 1963).

Dieonesion.

The electron microscope give a unique picture of cell
vall degradation, compared to the rather disappointing
results of light microscopy. Using Albersheim's method
it can be seen that pectin is irregularly distributed
through the cell wall and this may account for the
different nature of their reactions of the cell wall to
soft rot. For example, the intercellular area which is
rich in pectin forms the site of colony establishment,
while the cell wall away from this splits in a ragged
way and appears to swell after pectolysis and 1is held
together until late stages of rot by the plasmodesmata.
The latter do not appear to constitute a direct cyto~
plasmic connecticn between the neighbouring cells,

although the cytoplasm may be attached there during the
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later stages of soft rot, disruption of the plasmode-
mata does not therefore automatically involve cyto-
plasmiec damage. Cytoplasmic damage appears further
advanced in its terminal stages at the higher temper-
atures; here disorganisation occurs while the microbodies
enlarge and the cell membrances expand and burst. At
lower temperatures a 'cleaner! rot occur:s, less slimey
and odourless; its ultrastructure characterised by the
absence of enlarged microbodies and well-preserved
organelles., Whether Erwinia produces 'cytaset! or mot,
the effect on the cytoplasm is profound at 25%€C leading
to the unpleasant complete breakdown of tissue seen iﬁ

advanced rots.
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Part 6.

Host defence mechanisms.

Introduction.

It is generally accepted that disease resistance may
be due to chemicals or structures present before infection
or to systems which develop after infection.

l. Preformed sysgtems of resistance.

Structural resistance has been discussed in some
detail in pert 2. Resistance based on preformed
substances is well known, and it is recognised that
polyphenolic substances are i significant in this
respect in certain diseases (Rubin & Artsikhovskaya,
1964), In the uninfected potato these substances are
present In the 'eye' region around the buds, in and
under the lenticel filling tissue, in and under the
primary periderm (plate 6.1), and in the vascular
parenchyma, but are not detectable elsewhere in large
enough quantities for 2 positive Hoefpner-Vorsatz reaction.
However the lenticel filling tissue, the primary and
secondary periderm, and the vascular parenchyma are
characterised by suberised cell walls as well asg
different anatomical structure from parenchyms wmeking
in situ assessment of the relative components of this
preformed system difficult. Jobber (1969) has demonstrated

in vitro effects on bacteria of chlorogenic acid. At
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low concentration their growth rate was reduced, st
higher ones cell death occurred. It is difficult to
equate any in vitro phenomena with the situation in the
potato where the chlorogenic and caffele acid appears
to be confined to the interior of the tonoplast. Even
assuming a process which transports unoxidised or
partially oxidised polyphenols to the plasmalemma, it
appears unlikely that the concentration of chlorogenic
acid present in the intercellular spaces is as high as
in?%ie tonoplast. If the bacteria present in the inter~
cellular spaces are exposed to small concentrations of
chlorogenic acid they may be stimulaﬁed rather than
inhibited (Jobber,1969). Where polyphenols are present

as preformed substances iﬁf?he tonoplasts of cells
below the filling tissue they do not by themselves
prevent infection through this channel. Whether
preformed factors for resistance were present or not,
this failed to stop infection developing after entry
through any of the channels studled but this may have

been due to the high concentration of inoculum used.

2. Systems developed after infection.

Of the systems which confer resistance after
infection in plant diseases polyphenol oxidation and
suberisation of the cell wall have been put forward

as being active against soft rot. The role of plant



polyphenols as a system which develops after infection
has been considered by Lovrekovich, Lovrekovich &
Stahmann (1967) and these workers suggest that an
oxidised polyphenol zone may act as a barrier round an
infection exposed to air. The development of suberin as
a barrier to infection at the infection interface has
been described by Rudd Jones (1948).

Both these systems were investigated by light and
electron microscopy, and other techniques with the object
of determining if either or both these systems were
responsible for resistance. A variety of techniques was
necessary, as in many situations both appeared to be
active at the same locus,

Suberisation.

Introduction.

Infection interface suberisation has been described
by Priestley & Woffenden (192@%) and Rudd Jones (1948).
Both found that the thickness of the suberin layer in
each cell and the number of cells affected by suberin
is highest at lower humidities and temperatures, Rudd
Jones (1948) using bromothymol blue indicatgr; found
that suberisation is accompanied by a change in pH from
5.6 to 6.3.; Herklots (1924) studying the effect of an
artificially controlled pH on wound healing in the potato

found that suberlsation was promoted by shift to
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alkalime condition, the pH at the interface environment
therefore does not appear unsuitable for Erwinia. In his
photographs of the suberin barrier in naturally infected
tubers Rudd Jones (1948) shows a blackened cytoplasm
possibly due to the pfesence of melanin granules.

The exact nature of the biochemistry of the processes
of suberisation and polyphenol oxidaticn are not at
present known but it does appear that both may be
controlled by polyphenol oxidase (Politis 1948), and it
has been also suggested that phlobaphenes, oxidation
produets of polyphenols may be laid down in the cell wall,
If this is the case, distinguishing between the
effectiveness of polyphenols and that of suberin as
barrier substances may prove difficult.

Ultrastructure of the suberin barrier.

The nature of the suberin infection interface has
not previously been described at an ultrastructural
level, The mode of formation of the suberin barrier is
evident at this magnification, as is that of imperfect
suberisation which may be bye-passed as shown in part
2: both of these are undetectable by light microscopy
of stained preparations, (plate 6.4).

The suberin laid down at the infection interface,
although of variable thickness, and state of develop-

ment resembles in its histochemistry under the light
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microscope, the suberin barriers of the primary peridern,
filling tissue and wound suberin. It also resembles
these in its ultrastructure. The suberin is laid down
extensively at the intercellular spaces from the edges
inwards, so that the central hellow 1s encrusted with
suberin; this deposition connects with two layers which
are laid dewn in the cell wall (plate 6.5 a,b.) The

two layers in the cell wall are characteristically
absent at the plasmodesmata (plate 6.3a).

The cytoplasm in cells which have suberin in the cell
wall is extensive and contains undumaged nuclei,
numerous mitochondria, microbodies, and golgi bodies
and associated small vacuoles, and plastid development
is active (plates6.5d, 6.6.). Also present in the
cytoplasm are 'myelin' bodies similar to those found by
Marinos (196%) in potato bud cells. ThesSe appear
responsible for the production of large %acuoles, some
of which contain melanin granules (plate 6.7.), some of
these vacuoles appear contiguous with the plasmalemna
(plate 6.8). Whether negative or positive pinocytosis
takes place here was not established. The myelin bodies
may contain starch, plasmoglobuli, phytcferritin, and
always central tubules, and so have a similar collection
of contents to those of the multifunctional plastids.,

Marincs (1967) has described the way in which the latter
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produce small pockets between the outer membranes,

which would if developed further. resemble the configur-
ations of membranes round the 'myelin' bodies,(plate 6.9).
Plate 6.10 shows some of the outer membranes enclosing a
vacuole which is apparently being budded off, the membrane
thickness appears similar to that of the vacucles present
in the cytoplasm, one of which can be seen in the bottom
left hand corner of the plate.

In this investigation suberin was often found in the
cell walls of cells containing melanin in vane tonoplast
(plate 6.2.). In the artificially inoculated half tubers
used in this investigation, ester wax sections (stained
with ammonical gentian violet (Artschwager 1927), of
melanin containing ezlls showed that after 40 hours
suberin was present five cells thick ay 0 and 58.3% R.H.,
three cells thick at 80.5% R.H. and absent at 100% R.H.
where the relative humidity chambers were kept at 25'C.
At lower temperatures suberin but not melanin may be
present, for example after 92 hours at 5'C and 100% R.H.,
three to four cells were suberised but did not contain
melanin,

At 25'C melanin granules are seen in those cells which

are suberised as electron dense bodies in electron micro-
scope sections fixed with 1% osmic acid (plate 6.3).

Polyphenol oxidase which has been alleged to mediate bouth
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polyphenol oxidation and suberisation, has been studied
in the potato tuber by Anderson (1969), who suggests
that this enzyme is localised in a fraction intermediate
in size between mitochondria and chloroplasts as well as
in the latter. This organelle is said to be relatively
dense which suggests inclusions are present; from a
survey of possible candidates found in thin sections of
potato cells, the multifuncticnal plastids appear a
likely choice. Multifunctional plastids are abundantly
present in both suberising cells and also in those cells
in which melanin has been formed, e.g.young filling
tissue, wound periderm, wound suberir, and vasgcular
parenc.iyma.

The precise localisation of polyphenol oxidase in
these organelles requires the applicatiocn of enzyme
stehing and immunochemical staining.

The results of this activity in the suberising cells
is the product of an impermeable ccat around the cells
in the cell wall and the intercell Jvalar spaces. The
destruction of this coat by specific enzyme action is
is not established but it does appear possible that the
coat can become detached from the cell wall by the
dissolution of the region around the outside of the
original intercellular space, and in the region between

the cell walls (plate 2.14 & 2.,15). Both these areas are



-85~

the ones richest in pectin as seen from the Albersheimt's
preparations. The relative stability of the periderm is
due to the fact that the suberin here is present either
side of a minute layer of pectin, and this tissue will
resist the most persistent soft rot, together wirth some
vascular tissue Piate 6.11b shows periderm prepared by
Albershein's method. Pectolysis could therefore be an
agent in the breakdown of the effectiveness of an
incomplete suberin barrier, which evidently occurs in
mature infecticns at high temperatures.

Polyphenol oxidatione

Introduction.

It is generally recognised that plant polyphenols
and thelr oxidation products are of significance in a
number of host parasite relationships (Wood,1967)
Yovrekovieh, Lovrekovich & Stahmann (1967) reported
the formation of & 'black infection barrier' composed
of the ouxidation products of phencls on the cut surface
of potato tubers around an infection site. Experiments
carried out in the course of the present investigation
revealed a general picture comparable to that found by
Lovrekovich and co-workers. Infection spread rapldly
from the point of inoculetion for the first 40 h; at
high temperature the rate subsequently fell off and a

black zone developed around the infected area (plates
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6.12 a,b,). As time proceeded the black zone "moved"
slowly cutwards; the mechanism by which this occurred
is hot known, but the apparent movement cculu have been
due to the masking of the pigment particles by the mass
of bacterial cells in later stages of infection, as
melanin may be found inside soft rotted cells,

Bxperiment 6.1.

To investigate the effect of differences in inoculum
level and potato variety in the formation of & 'black
infection barrier! and bacterial spread in a controlled
environment.

Materials and Methods.

Grade 1 dry brushed Majestic tubers were washed in
tap water, surface sterilised in 0.1% mercuric chloride.
washed in sterile distilled water, dried and cut in two,
and a central 7 mm diameter ccre removed with a cork
borer leaving a well approximately 5 mm deep.

The centr«l well was incculated with 0.1 ml of & known
concentration of bacterial suspeasion, which -was spun
down at 3,000 r.p.m. from approxim:tely 24 h old cultures
in nutrient broth.

The inoculated potatoc tubers were kept at 25'C and
100% R.H. and measurements of the dizmeters of the rots
and the extent of the t'black infecticvn barriers!' were

measured und samples tiken for light ~nd electron



microscopy.
Results.

Graph 6.1. shows o very Similar state of &kffalws to
that described by Ipwekovich et al (1967) in that
variotions in the level of the inoculum concentration
coused great differences in the rates of bacterial
sprend cnd formation of the 'black infection barrier!'.:

Experiment 6.2.

To investigate the effect of temperature on bacterial
spread and the formetion of a 'black infection barriert
in 2 controlled environment.

Materials and methods.

Tuber halves of Majestic and King FAwwds were
prepored as described in the previous experiment)

inoculated with O.lml of approxinutely 4 x lOll

cells/
ml. and kept «t 100% R.H. and ot 5',10' and 25'C in
relative humicity chumbers. Measurements of the spread
of infection were made}&ﬁd the extent of the 'black
infection barriers' where present was measured, und
samples were taken for electron microscopy and | ight
microscopy.
Results.

Graphs 6.2 & 6.5 Show rapid initial spread at 25'C
up to 40h with a tailing off afterwards, but the spread

at 10'C and 5'C was much more gradual and was not



Graph 6.1 Effect of inoculum size. [Majestic,100%RH,25°C]

0 =""3¢7"%0 T30 40 50 60 70 &0 90 100 h
lic:y. Z—2 diameter of black 'ring. a./...50x7077 ce/ls/ml c.'l.30x7070 cells/ml.
[ =} diame-ter of infection. b.224x 7077 cells/ml d.7.20x709 cells/m.



Graph 6. 2 E ffect of temperature [Majestlc 100%.RH
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Graph 6.3 Effect of ‘temperature, [King Edward, 100%RH
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accompanied by the presence of a black infection
barrier.'ThiS effect of temperiature resembled that
described in part 3 for development of colonies
perpendicular to zn inocculited surface., There appeared
to be u difference in the rates between the two
varieties studied, 2nd both appeared to require much
higher inoculum levels than Red Nuget, used by the
American workers, nefore infection was successful. In
the present investigation, inoculum of lOgcellS/mlo daid
not cause any more than o very local infection whereas
in Red Nuget it caused uan extensive rot.

Experiment 6.3.

To ascertain the effect of relative humidity of
storage on the development of rot and infection
barriers ot 10'C.

Materinls and Methods.

s1f tubers of King Edward and Majestic potatoes were
prepared as described before, and inoculated with 0.1lml
of approximately 4.3 x lolloells/ml of 23 h 0ld inoculum.
The inoculated tubers were kept at 58.3, 80.5, 93.9,
97.5 or 100% R.H. above diluted sulphuric acid in a
closed vessel for 22, 67, 94 h and 40 days when they were
measured and harvested for light and electron microscopy.
Results,

Graph 6.4 shows the results after 22 and 94 h; it :
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Graph 6.5 Effect of relative_humidity. . A
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appears that in both varieties at 10'C, the rot and
black ring development are most extensive at the
higher relative humidities. This is confirmed at 40
days where only the potato halves at 93.9% R.H. and
above were completely rotted.

Bxperiment 6.4.

To ascertain the effect of relative humidity of
storage on the development ¢f rot and of infection
barriers at 25'C.

Matericls and Methods.

Half tubers of King Edward and Majestic potatoes
were inoculated as above with 0.1 ml of 2,13 x lOll
cells/ml of a 28h old culture, and kept under the same
range of relative humidities at 25'C. Measurements were
made after 23,44,68,113 and 137 h.
Results.

Graphs 645 a & b, show the measurements after 22 and
113 h. There is little extension of the rot except at
100% R.H.

Conclusions to both experiments.

It was concluded from both these experiments that the
higher relctive humidities favour the spread of the rot,
nlthough this is not the cuse initially «t 25'C, perhaps
due to favourable conditions fer wound suberisation at

the higher relative humidities.
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Melanin Histochemistry.

The o-quinhydrone configuration of the melanin complex
has been employed in the diagnostic ferrous iron
technique for melanin (Lillie,1957) and the less diag-
nostic Methanamine silver reaction (Gomori,l952). Both
of these tests used in this investigution confirmed the
identity of the black gronules found in the 'black
infection barrier' cells, as melanin. Electron microscopy
has shown that these melanin granules are present in the

tonoplast of the cells.
Plate 6,13 shows melanin granules after treatment involving
fixation in 1% osmic z2e¢id in 5% sucrose, here regular
electron dense bodieé are seen; the more complicated

form which may alsn be found ure shown in plate 6.14.

All these granules ure present either in the central

vacuole or in other ones which may be contiguous with 1it.

The blackened nature of the shoot tissues in the
'blackleg! syndrome of the disease is well knmown
(Artschwager,1920) .

Reeve (1968} a & b)has described granules similar to
those seen in this investigation on a light microscope
level in the physiological disease of 'black heart' of
potato tubers, where they are also found in the tonoplast.

It has been suggested by Jobber (196%), that melanin

is inert with reference to bacterinl activity.
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Conclusions on the 'black infection barrier!', its
composition and properties.

When ©« comparcble experiment to those of Lovrekovich
was carried out on a freshly cut surfuce immersed in
bacterial suspension, the progress of infection
followed & similur pattern to that found by him being
rapid at first, and then much slower, particulurly at
high temperatures. However, no bluck zone appeared.
(See port 3.); which suggests thzt the black
pigmentation does not constitute in itself the barrier
but is merely a product whose appearance seincides
with thet of the true burrier under conditions of good
aeration.

The position of the melanin in the tonoplast, away
from the bacteria in the cell wall «nd the evidence sf
other workers (Jobber, 1969) thut melanin is inert,
leuds one to believe that the true barrier to infection
is not the bluck pigmentation but znother fuctor
QEOUTTing simultoneously. The evidence for suberisation
as being tn effective burrier when complete has been
given. This appeurs to constitute a burrier to bacterial
infection at the stme locus as melanin.

Distribution of unoxidised polyphenol developed after
infection.

Using the Hoefner Vors:tz test, o diffuse polyphenol

rich zone was found outside the black zone described
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above. It first appeared at 16h and formed a patchy
ring by 23 h in tubers inoculated at 100% R.H. and 25'Ce.
After 41 h this ring was close to the black ring owing
to the spread of infection outwards; at 48 h it was

ad jacent to the black zone, a position it still
maintained after 65 h. Neutral red staining showed that
these cells still had intact tonoplasts as near as 1
cell diameter from the black zone.

This localised development of polyphenol was
explained by light and electron microscopy, as being
agssociated with dedifferenticting cells which appeared
to have been retartéed in development for sowe fexson.
e ti{sSue outsideR the latter zone was differentiated
into wound periderm in a normal way beneath the cover
of wound suberin; in the case of the polyphenol rich
cells suberin was present but suberisation was not
complete, and wound periderm was not formed.

The factor which apparently inhibits the development
of the wound periderm is not known but it evidently acts

in advance of the bacteria and their pectolytic enzymes.

Infection interface polyphenol.

In the rots produced under less aerobic conditions
(part 3), and also around the rots described above, a
polyphenol rich layer a few cells deep was present

ocutside the infected cells, This layer up to five eells



deep, was outside the cells which were suberised;
Polyphenols were found in dedifferentiating cells
as well as those being suberised, for example beneath
the lenticels, the primary periderm {plate 6.1), and
in the wvascular parenchyma. These.oells are character=
ised under the electron microscope by the presence of
electron dense bodies in their vacuoles. Whether these
bodies are present in the living tissue or whether they
are artifacts resulting from fization and embedding
remains uncertaln, but in CRAF fixed material there
appeared to be melanin present in these tissues judging
by the techniques of Lillie (1957) and Gomori (1952).
This suggests that melanin is present in small
quastdties In the :layere rioh in.polyphenol.

gonclusion

As both suberisation and polyphenol production often
occur in one and the same cell it 1s impossible to
separate their individual roles as forming barriers at
the infection front. In proliferated lenticels where
polyphenol rich cells with unsuberised walls are present
(plate 2.26a.) and such cells quite evidently do not act
as a barrier to infection, this suggests that
suberisation plays a larger part than phenolic compounds

in the formation of barriers to infection.
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Corollary Bxperiment.

It was decided to test the hypothesis that the change
in spread of infection dn aerobic and anaerobie
conditions after 40 h at 25'C & 300%R.Mdis due to
purely physical action, rather than a specific host
reaction as assumed in this chapter. The rate of
penetration of Ferric chloride solution was investig-
ated, in order to obtain a measure of the penetration
of potato (ifsux by swall particles.

Materials and Mcthods..

Potato tuber halVeS of King Edward were irmersed in

kiSotonic 5% sucrosé solution containing 2.5% ferric
chloride for up to 124 h and the distance stained
recorded; storage was at 25'C & 100%R.H.
Results.

It can be scen from graph 6.6. that there was no
indication of any difference in rate of spread through
the tuber, before or after the first 2 days.,

Conclusions.,

It was concluded that the change in the rate of
spread observed in bacterlial infections after 40 h
1s due to sone factor other than would act on a sinple

solution under similar conditions.



Graph 6.6 Penetration of 2.5% ferriclchlbride-in,5°/o sucrose soln.
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Plate 64l ae & b (x 200, light micrographs)

ae peridcrm, b. phollogen, stained to show thc presence of
polyphenolic substances, diffusc in thc former,in tonoplasts

of latter. (Hoefpnor=vVorsatz rcagents.)



Plate 6.2 (x 160, light micrograph)
Infection interface under aerobic conditions, showing the
melanin in the tonoplasts of cells compriging the 'black
ring', these are also suberised i, melanin, S, suberin,
R, soft rotted cells,

(osmic acid,.)



Plates 6.3 a, (xL5,000 ). b, (x 6,000 ) Elcctron micrographs.

Infection intcrface cells showing a. bands of suborin in coll
Coavypred
wall, b, intercecllular suberin plug. M, melanin granulocse.

(osmic acid, load citrato.)



Pl&te 6.4: Qe & bo

(x 160, light micrographs)

Sections through infoction intorfacc a. stained for suberin
(2smmoniscal gentian violat) b. bacterial colonies (carbol

fuchsin, fast green),; consccutive seoctions. S suberin layer.



Pliatie 640 a8 (x 40,000)

Bands of suberin in $hc cell wall, srrowed, and melanin
M, in tae tonoplast.

(osmic acid, lead citrate.)



Plate 6.5 b. (x 12,500, electron micrograph)

Suberised infection interface cell wall, showing golgi
bodieskand‘budded off! small vacuoles in neighbouring

cell cytoplasm, arrowed.

(osmic acid, lead citrate.)



Plate 6.5 c. (x 12,000, electron micrograph)

Infection interface cells showing intercellular suberin

plug, note the microbodies arrowed, and the plastid
containing starch grain, as well as other healthy cytoplasmic
constituents, indicating an active metabolism.

(osmic acid,lead citrate.)



Plate 6.5 d. (x 10,000)

Cytoplasm and nucleus of suberised infection interface cell,
v "

note numerous small vacuoles , mitochondria and plastidsr

melanin granules in tonoplasg1

(osmic acid, lead citrate.)



Plate 6.6 (x 5,000, electron micrograph)

The numerous plastids in the inf ction interface cells
may be arranged in clusters typical of suberising cells.
Intercellular plug of suberin present.

(osmic acid, lead citrate.)



Plate 6.7 a. (x 30,000, electron micrograph)

v
The vacuoles in the suberising infection interface cells

M

may contain melanin,

(osmic acid, lead citrate.)



Pleta 6.7 b (% 12,000)

Suberising infection interf-co ccll illustroting the
presence of My'myelin' body; V, vicuole; L, rmicrobody.

(osmic ~ecid, leazd citraote.)



Plote 6.8 (x 304000)
Infection interface cell showing small vacuole adjacent
to the plasmalemma,

(osmic :cid, le=d citrate.)



Plete 6.2 (x 3¢,000)

'"Myelin' body irom infection intcrfaoce cell, showing
the characterigstic structure,

(osmice zeid, lsad citrates)



Plate 64,10 W (x 20,000)
'‘Myelin' body 'hich zppenrs to be formed from a multi-

v
functional plastid, apparently buds off vacuoles. Froili
zn infection interface cell.

(osmic =cid, 1lond citrate.)



Pl tes 6411 2, (x 30,000) be (xz 40,000) Electron microsriphs.

24 Section throuzn peridcm (osmic noid, loud citrate)

be similar section stzined by Albersheim's mothod.



Plates 6012 9e & bo (K 405)

Bacterizl rot sprezding fraom central well in cut tuber

gurface, bounded by 'blzek band', aftor 2,70 h be 92 he



Plate 6419 (x 15,000, electiron microgsruph)
Infection interfuce cell showing melanin granules in
the tonoplast, arrowed.

(osnic zcid lend citrates)



Plute 6.14 - (x 20,000, electron ricrogrgph)

Melanin granules of a more complicated structure than
those in plate 6.13.

(osmic zeid, 1leud citrate.)



PART 7. The secondery colonlsation of soft rotted tissues
by Baocillus spp.
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Part 7

The seoondary colonisation of soft rotted tissue hx

Bacillus spp.

Endospores resembling thogse of Bacillus megatherium
described by Freer & Levinson (1969), were found in
Kellenberger fixed, araldite embedded material under
the electron microscope when sections of 36 day_old
completely macerated potato cells were examined. The
cells had formedbpart of a tuber which had been inocu-
lated initinlly by submersion in a pure 18 h suspension

of FBrwinia carotovora var. atroseptica under otherwise

sterile conditions, (plates 7.1,7.2). A pure culture of

Bacillus megatherium (NCTC 10342) was examined using the

same procedure; the spores present were similar to those
in the macerated material (plate 7.3).
When a loop was taken and streaked on nutrient agar

Bs, cereus var, mycoides and Bs. megatherium were isolated

from the macerated cells together with Erwinia. This was
found to be the case in all o0ld established rgts studied.
These organisms were also found when sterileiyg? potato
tuber were plated out on nutrient agar at 256'C, and

from an odourless rot which developed after a tuber was
sprayed with sterile distill:d wator for 5 days. In the
case of the latter, neutral red staining under the light

microscope revealed that the cells were apparently living
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although bacteria appearréd to be present ingide the
cytoplasm, but as Smith (1905) remarks, fresh sections of rcsh-
@l potato tuber tissue may give equivocal results due

to their thickness.

Similar spores werc present in many different maturse rots.
elther alone or together with vegetative cells of Bacillus
or Erwinia aund in many different locationé. Vegetative
cells of Bacillus and spores at various stages of
sporogenesis are frequent in the spaces between the cells
before complete maceration (plate 7.4), but they may also
be present inside the cells, often appearing near the
starch grains which are by now loose from the cytoplasm
(plate 7.5), They may also be found between the fibres

that remain of the cell wall (plate 7.6), the cell wall

is swollen and may be over 10 um thick compared to 1 um
in healthy storage parenchyma, there may be some stretching
too, &g discussed in part 5; the environmental niche
appears to be created by pectolysis., Endospores may be
found in the viscous strandy in late infection (plate 7.7);
here the spores are embedded in a dense matrix of slime,

Hollis (1951) has suggested that Bacillus megatherirm

is present as a latent infection organism in the potato,
but he did not think the game was true of Bs.cersus,

although both have been successfully used in artificial
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inoculatiors incubated at 37'C. Rudd Jones (1948) found

ineculation using agar dises of Bacillus spp. difficult

when applied to fresh wounds, and abnormal temperatures
after inoculation, or elaborate pretreatrent appear essential;
injection with water, as well as other pretreatments used,
freezing, steaming, or chloroform treatment, increase cell
permeability and exogmosis of solutes into the intercellular
spaces.

As a result of the possibility of confusion between

Bacillus spp., presumably present as a latent infection

and the EBrwinia inoculated, methods of distinguishing
between them were contemplated. Labelling the Erwinia
seemed likely %o be both ineffective and inefficient

80 criteria for distinguishing bhetween the genera at

the electron microscope level mppeared essential.

Glauert (1962) has put forward the characteristics o£
the surface layers, flagella and fimbrse, cell walls

and type of div@sion, granular elanents of the cytoplasm,
plasma membrane, the presence of intracytoplasmic
membraneous elements, and the nature of the nuclear
matcrial as being valid points of difference between
bacterial gencra., It was on this basis that tho tatls
was compiled, and the morphological differences are
illustrated (plates 7.8-7.11)., No Bacillus cells wers sccn

during thec investigation of healthy potato tissue
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except in the filling tissue of the lenticels, but there
remains the 1likolphood that they are dormant inside the
tuber and can only colonise the tissues after they have
been pretreated with water or Erwinia rotting.

Table of morphological differsnces.

Brwinia carotovora ©~ Bacillus Sppe.

var., atrogeptica.

1. Cell division by simple l. A ring of materiasl is

Tpinching off'; the division synthesised and gradually

furrow is not precedcd Ly & grows inwards to form a
cross wall or plate. This complete cross wall, This
results in g more or less results in a blunt onded rod.

pointed end to the rod.

2. Does not produce 2, Chaing of 2 - 4 cells
chgins of more than two commonly produced.

cells.

b+ Convoluted cell wall, 3. Smooth cell wall.

4. Granular cytoplasm, 4, Cytoplasm less granular,
no glycogen present. glycogen present (G).

5; No spores recordcd. 5. Produces endogenous

gpores with charaeteristic—
ally structured walls,
These points are illustrated in plates 7.8 - 7.1l1,
the gtructure of the spores are illustrated in plates

701 e 7-20



Plate 7.1 (x (00,000 ) Tronsverse section.
Pl.te 7.2 (x 60000) Lonsitudinzl section,
Sections throush endosporesfrom 36 day soft rotted tissue.

(osmic ccid,lexd citrate.)



Plate 7.3 ( X60,000)

Endospore of B.cillus megatherium from s pure culture,

longitudinal section,

(osmic acid, uranyl acetate.)



Plate 7.4 (x 6,000)

s
Vegetdive cells and endospores regembling Bacillus spp.

&
betwscn tho cells of a rotted tuber, also Erwinia present.

(osmic acid, lead citrates)



Plate 7.5 (x 6,000, electron micrograph)
Endospores near starch grain in macerated cell,

(osmic acid, lead citrate.)



Plate 7.¢ (x 20,000, electron miorograph)
Endospores in the cell wall of a macerated cell,

(osmic acid, lead citrate.)



Plate 7.7 (x 60,000)

Endospores in slime from soft rotted tuber, together with

cytoplasmic remains,

(osmic acid, lead citrate.)



Plates 7.8 (x 40,000) 7.9 (x 40,000)

Erwinia carotovora var, atroseptica from pure culture;

from soft rotted tissues,

(osmic acid, uranyl acetate)



Plates 7.10 (x 40,000) 7.11  ({x 40,000)

Bacillus megatherium from pure culture; Bacillusg cell in

rotten tuber. (osmic acid,uranyl acetate)



PART 8, Discussion and practical impliocations,
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Part a.

Discussion and nractical Fmplications.

Although the taxonony, ecclogy and biochemistry of

Trwinia carotovora var. atroseptica and the etiology

of the disease it causes have been well studied, nmuch
is yet to be learned in these fields, and the ultra-
structure of the pathorin and the details of its mode
of infection have been largely neglected. Knowledge of
the ultrastructural norphology of Erwinia is not only
useful in the study of host parasite relationships,
but also enables this primary pathogen to be
distinguished from the Bacillus spp., which occur as
secondary colonising organisms in otherwise unibact-
erial infections; it could also prove indispensible

in ecological studies involving antagonistic organisms,
or in comparative taxonony.

In the potato tuber, the channels of infection open
to the entry of bacteria appear to be fenticels in
certain phases of development, and fresh wounds; the
possibility of other channels such as the 'eyes',
healed wounds or primary periderm being important in
this respect seems renote. As fresh wounds have a
limited life as open channels for infection, wound

healing is a relevant process. The conditions under
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which suberisation and wound periderm are best promoted
tare a combination of higher temperatures(20-30'C) and
relative humidities (above 80% R.H.) with the absence
of surface water. As the effects of the environment on
healing beneath the surface are similar to those at the
surface, and nuvt those at the infection interface, this
suggests that the peculiaritles of the latter are due
primarily to the vagaries of the bacterium.

The point of time at which the fresh wound ceases to
be susceptible to soft rotting was determined by the
artificial inoculation of healing wounds. In this way
it was discovered that the absence of a layer of
suberised cells allowed a bacterial rot to be initiated;
the presence of suberin does not however, preclude
infection at low relative humidity. Vhen early stages
of suberisation were studied by electron microscopy,
the reason for the ineffectiveness of this barrier at
low R.H. was revealed. At the ultrastructural level,
suberised cell walls consisted of two bands of suberin
in the cell wall witha suberin plug replacing the
intercellular space. When any of these components was
absent, pectolysis appeared to separate the remaining
suberin from the other cell wall material, rupturing
the barrier. Wound periderm which is formed after the

suberin is laid down was seen to be sinilar in structure
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to primary periderm, with no intercellular spaces, and
relatively thin cell walls.

From bath. 1ight dnd electron.;icroscupy.it was. found
that the lenticel displays a wide variation in morph-
ology at both the tissue and cell levels. At 58% R.H.
a secondary periderm forms beneath the filling tissue,
which becomes completely suberised and resistant to
infection, Whereas when liquid water is present the
unsuberised phelloderm protrudes batwéenF rin;; of what
is.left of the filling tiscue,.and the meristematio
oelye and infection ramdilly cccurs. Between these
extremes are found many intermediate types of lenticel
with varying reactions to inoculation. Subsequent
infection is greatest among those lenticels which were
stored at the highest relative humidities prior to
inoculation. Postinoculation variations in relative
humidity have only temporary effects on the develop-
ment of infection, although this proceeds at similar
rates subsequently.

" T2e rele of therlonvisel as.a.chunnel for irfection -
is at prescnt sudly neglrcted, snd the lenticel could
perh.ps &lso act us point ef gntry for 'latent' infection
orgunismis in the rowing tuter,, Reatine infection via

the lenticels on mother tuber disintegration, after

rainfall has created the appropriate environmental
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environmental conditions in the soil, as suggested by
Perombelon appears possible.

(b) Invasicn after entry.

The initial rate of colonisation of the tuber was
investigated by measuring the development of colonies
where the inoculum had entered through lenticels and
fresh wounds. As well as the differences between the
two channels, it was found that temperature determined
the initial rate of colonisation. Particularly interest-
ing is the slowing down of the rate at 25'C after 50 h.,
which Lovrekovich suggests is due to the development of
a black oxidised polyphenol barrier. However this
phenomenon was also Seen in thbse less aerobic condit-
ions where this T'bizck barrier! was not present as well
as under conditions similar to those employed by
Aovrekovich where melanin was present. This suggests
that the black barrier, though often accompanying a
check to the spread of rot does not cause the check,
and further work is required to elucidate all the
causal factors.

The ability of the host to take up inoculum appears to
be an important factorinfluencing the incidence of rot,
and further investigation of this under field conditions
where the incidence of Erwinia in the soil may be low is

necessary.
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Once 1inside the tuber the bacteria primarily spread
intercellularly through the parenchyma but vascular
spread may occur, wWhere the bacteria are confined to
the vascular tissue by the suberised nature of the
vascular parenchyma, which allows little lateral spread.

During the intercellular spread through the parenchyma,
the Erwinia cell at first occurs in small compact zoned
colonies but become generally dispersed as infection
progresses and active spread gives way to the terminal
stages of maceration. Fach intercellular colony has a
limited sphere of influence where cell wall and cyto-
plasmic damage occurs, but in general the rot is not
homogeneous through the tissue until the final stages.

Cells rich in ca.zcium oxalate monohydrate which
occur beneath the lenticels and to a limited extent in
the phelloderm of the primary periderm and the cortex
cells of the tuber are among the very few cells to be
colonised intracellularly, but the oralate containing
cells appear to stimulate bacterial colonisation.

Bacterlal infection of potato tissue, as well as
causing the complex pectolytic breakdown of parts of
the cell wall resulting in maceration, also gives rise
to cytoplasmic disorganisation. The latter involves the
enlargement of the microbodies and the rupturing of the

cell membranes. The effect of infection on the cytoplasm
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is profound at higher temperatures leading to the
complete disintegration of the cell contents in
advanced rots. It is uncertain whether a specific
cytase is produced, or if the parasite acts directly or
through the cellulolytic agency of the microbodies.

From these studies it was found that there was often
a considerable build up of infection <f bacterial
spread and tissue damage at an ultrastructural level
without any visible evidence of soft rot near the
tuber surface, for example in infection at low temper-
atures and at early stages of lenticel infection. The
ultrastructure of these 'clean' infections reveals
that little cytoplasmic deamage had oocurred compared
with that in obvicus rots, although the cell wall was
severely damaged.

(¢) Defence Mechanisms.

Host defence mechanisms in the potato are of two
major types. The first involves systems which were in
operation before inoculation, such as the polyphenoclic
substances found in the tonoplasts of cells in and
dunder the primary and wound periderm, the 'eye! region,
in and under the filling tissue of the lenticels, and
around the vascular tissues as found in this investig-
ation. Apart from the bud tissues of the 'eye! region

these cells are also characterised by the presence of
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suberin in the cell wall. Secondly there are the host
defence systems developed after infection of which
suberin is seen to be an effective barrier at the
infection interface using electron microscope tech=-
niques. The other system proposed (Lovrekovich 1967),
namely the oxidation of polyphenols to melaain appears
to have less eflect but as it often occurs in the same
cells as have suberised cell walls the position is
difficult to evaluate. The typical cytoplasmic events
accompanying these processes do not disprove the
suggestion that the two processes may involve the same
enzymic systems locallsed in the mitochondria and
perhaps the plastids, and both events could be linked.

The fact that 'soft rot' in the fileld 1s rather more
complicated than a straightforward infecticn of
Erwinia is reinforced by the finding that Bacillus spp.
always occur after otherwise sterile potato tuber
tissue hes been rotted by artificial inoculations of
the former.

Since the application of electron microscopy has
shown that #s the bacteria are confined to the inter-
cellular region, any toxin produced by the host will
only be effective 1f present in that region. It appears
that suberin can form a satisfactory infection barrier;

the role played by phenolic compounds is much less
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clear and requires further investigation since sush
substances are intr&cellulaé that there appears to be no
evidence that this occurs intercellularly in healthy
tissue or in tissues in the early stages of rot.

The combination of electron microscopy with pectolytic

enzymology is an obvious development as is the use of
ferritin-labelled antibody markers(Kay et al 1965) to
illuminate the relationship between the substances
involved in suberisation and polyphenol oxidation.

The former is quite feasible at present but the latter
is dependant on a more detailed knowledge of the enzym-
ology of the processes involved than is enjoyed at
present.

Practical Implications.

From the evidence it appears that as well as protect~
ing the tuber against wounding and providing healing
conditions if this does occur, the tubers should also
be treated in such a way as to promote the development
of a resistant state in the lenticels. The latter must
depend largely on the field conditions but may depend
on the environment during transportation where this lasts
several days as described in the U.S.A. by Smith and
Ramsey (1947).

There is evidence that the state of dormancy of the

tuber may be important, apparently once dormancy has
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been broken the tuber is at its most susceptible (Webb
1969). All the tubers used in this investigation were
stored prior to use at 5'C and 78% R.H, so they would
have been in this susceptible state.

The implication of the experiments in part 2 1s that
it is possible for each load delivered to a potato store
to differ from the others in some respect which affects
susceptibility to soft-rot, the degree of spread from
one homogeneous part of the store to another depending
on the state of the neighbouring tubers. It should not
be surprising that soft-rot should sometimes affect only
isolated tubers which were presumably infected before
conditions became unsuitable, sometimes cause localised
rots where the pretreatment of part of the store pre-
disposed them to rot, or sometimes spreading rots where
the unfavYourable pretreatment was not confined to one
load or part of a load, Research aimed at following the
progress of a load whose past history was well documented,
through a well gonitored store, should yileld data which
could be used to predict the so-called spontaneous rots.
Knowledge of the amount of incculum present and at what
time i% was In & state to cause dnfection would be useful
as if no inoculum is present it 1s possible for even
proliferated lenticels to be uninfected, leading to some

workers imagining that some resistance factor ;
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associated with proliferation, as infected proliferated
lenticels are indistinguishable to the naked eye from
other lenticel rots.

As one of the potato handler's biggest problems has
been his inability to predict which lcads stored are
likely to develop extreme soft rot symptons before
these are visible to the naked eye, 1t seemed important
to devise a simple non-microscopic test for early stages
of infection. Details of such a test based on triphenyl
tetrazolium chloride can be seen in the appendix, in this
way untrained personnel could screen each load minutes
before unloading into storage bays classified on the soft
rot risk, the greatest risk loads being utilised first,
isolated from uninfected loads. The advantages of this
system over others involving culturing or microscopy are
speed and low cost in equipment.

The fact that'soft rot' in the fleld is rather more
complicated than a straightforward infection of Erwinia

is reinforced by the finding that Bacillus Bpp. always

occur after otherwise sterile potato tuber tiséue has

been rotted by artificisl inoculations of the former.

If screening for the early stages of Erwinla rot were oarr-
ied out as desoribed above, observations of any widespread

'spontaneous' rots, and the relation of flatent' infection

may be clarified, as well perh&ps'thﬁ role of Pacillus spp,.
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A.Ependi Xe
A simple test to detoct early stages of Erwinia rot,

The usefulness of a reliable test for the early stages
cf Brwinia to both growers and the potato industry has
been stressed in part 8., Such a test, should for econamic
reasons be simple enough to be applied quickly by unskilled
personnel. The following may be suitable for the basis
of such a routine testing procedure.
The use of 2:3:5=-triphenyl=tetrazolium chloride to
detect the presence of dehydrogenase in infected tissue
is well established (Bergreyor, 1955); From this, T.T.C.
has been applied to stain dehydrogenase bound te Erwlnia
cells for histochemicsl studies (Lovrekovich et al.,1967)
end combined with ogor as a diognostic medium (Logan,l1963).
The potential use of this compound to detect subvisual soft
rot infestion remains unexploited.
In part 2 of this invesbtigation it was shown that a 1%
aqueous solution of T.T.C. could be almost as effective
in detecting Erwinia colonisation of the lenticels, as
the examination of light microscope sections, providing’
o Bangential sectioned surface was exposed, (platos 2.24,2.25).
From parts 2 & 4, it appears thot rots extend from
the fresh wounds and lenticels largely through the
gtorage parenchyma, therefore apart from some vascular

infectlon, a complete 'peel' token fram a tuber would
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give a fairly accurate indication if any rot is yet
established in the tuber as a whole,

A representative sample of tubers taken from a batch
before unloading has sbarted,'peeled!, and the 'peel!
from .cach of tho tubors irmerseld for a few minutes in
1% aqueous T.T.C., shoull give A olaar ragotion where
E&winia is present even in low quanfities.From the externt
of regetion of the T.T.C,,measuresd on the-bugis of the
peréentage cover of the inside surface of the cﬁt peel,
where potentinlly wvulnerable storage parenchyma is eprsed,
the results from the scmple tubers tested should indicate
whether the batch could be olassed as either a good or
bad risk for soft rot domage. If the former was the case,
the bateh could be then unloaded into suit;ble bays or
containers known to be free of the disecse, while the
bad risk tubers could either be stored in priority bays
to be utilised quickly in such a way that the colonisation
already established is removed, or in extreme cases,
disposed of ocmpletely.

In this way, there is less pressure on the potato handler
to provide accurate monitoring of the tubers before
and after storage, or for very stringent control of storage
conditions, although both of the latser are desirable.

It must be emphaosised that these suggestions are made

from laboratory evidence, and yc$ te bc tested ecemercially.
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