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ABSTRACT

Waterer, Douglas R., M.Sc., University of Manitoba, 1983.
Volatile Monitoring as a Technique for Disease Detection in
Stored Potatoes.

Supervisor: Dr. M.K. Pritchard

The metabolic volatiles produced by healthy and E. carotovora
(soft rot) infected potatoes were monitored by headspace analysis. Gas
sampling syringes and a porous polymer absorbent system were used to collect
the volatiles from the headspace samples prior to their analysis by gas
chromatography. The effects of tuber wounding, disease variety and strain,
potato variety, jncubation temperature and inoculum size on the rates and
patterns of volatile production were studied.

A number of quantitative and qualitative changes occurred in the
volatile profiles of potatoes during the development of a soft rot infec-
tion. Elevated volatile production levels were detected very early in
the development of the infection. Total volatile production increased
exponentially as the disease spread. A wide range of low molecular
weight organics were identified in the volatile profiles (aldehydes,
ketones, and alcohols). The number of compounds detected in the volatile
profiles tended to increase as the infections developed. Different relative
amounts of the individual compounds were produced at various stages during
the progression of the infection.

Total volatile production/unit time was the most dependable means of
differentiating between healthy and diseased tubers on the basis of their

volatile production characteristics. The volatile production patterns of



|
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E. carotovora var. carotovora and E. carotovora var. atroseptica were very

similar when rearing conditions were suitable for the growth of both
pathogens. Different strains of the E. carotovora bacteria produced similar
volatile outputs, although small differences in the growth rates of the
pathogens were reflected in their volatile production. The volatiie
production characteristics of both healthy and E. carotovora infected
'Norland' and 'Russet Burbank' potatoes were very similar. The rate of
volatile production by both diseased and healthy tubers, was strongly
influenced by the incubation temperature. The range of metabolites
recorded in the profiles was not affected by the temperature but the
relative abundance of the various compounds was to some extent temperature
dependent. Temperature related differences in the rate of development

of E. carotovora var. carotovora and E. carotovora var. atrosegtica

infections were reflected by quantitative and qualitative differences in
their volatile profiles. Increasing the inoculum size hastened disease

development, changing the rate of volatile production/unit time, but not
the overall volatile production pattern.

The volatile profiles of E. carotovora and C. sepedonicum (ring rot)
infections differed in many respects. Total volatile production/unit
time was much lower in the C. sepedonicum infection. The C. sepedonicum
profiles lacked a number of the compounds isolated in the E. carotovora
profiles but the C. sepedonicum infections featured one unique
diagnostic compound. The relative importance of the individual peaks in
the C. sepedonicum profiles were clearly different from the same peaks

in the E. carotovora profiles.
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DEDICATED TO:

CORNELL'S LAW:
Under the most rigorously controlled conditions of pressure,
temperature volume, humidity, and other variables the organism

will still do exactly as it pleases.

SMITH'S LAW:
There's never time to do it right, but there's always time

to do it over.
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INTRODUCTION

The majority of North American potatoes are stored in large controlled
atmosphére storages. This large scale centralized storage strategy provides
the efficiency of handling and longterm storage vital to the industry. How-
ever, the trend towards larger storages and longer storage periods has led to
a number of management problems. Besides the increased potential for losses
due to damage, respiration, evaporation, and sprouting, the problem of disease
in stored potatoes becomes more serious as the storage period is extended.
Not only do the potatoes become more susceptible to disease with longer
storage, but the longer storage periods also increase the period available
for the development and spread of any disease.

Adequate monitoring of the quality and disease status of the crop during
storage has been found to be a vital measure in the efficient longterm
storage of potatoes. However, the monitoring systems presently available
for checking the status of large potato storages have proven to be inadequate
for the early detection of disease, Consequently, bacterial disease, such

as bacterial soft rot (Exrwinia carotovora), have become an increasingly

serious threat because of their ability to spread rapidly from small non-
detectable infection loci.

Monitoring of the volatile organic metabolites produced by a host-
pathogen interaction has been proposed as a remote disease monitoring tech-
nique for agricultural storages. By monitoring the quantitative and qualita-
tive changes in the volatile profile of the storage atmosphere during the

storage period, detection and identification of developing disease problems



may be possible., Information on the size, developmental status, and location
of the disease problem could potentially be provided by volatile production
patterns.

The primary purpose of this research was to investigate the changes

which occur in the volatile profile of potatoes during a disease infection.
Specifically, the objectives of the project were to:

1) Isolate and identify some of the significant metabolic volatiles
of both healthy tubers and those infected with E. carotovora bacteria.

2) Assess the quantitative and qualitative changes in the volatile
profile which occur during the progression of the disease in order to esta~-
blish diagnostic factors which might aid in the early detection and identifi-
cation of the disease.

3) Determine if variables such as inoculum size, incubation temperature,
cultivar of potato, or the strain of pathogen have a significant impact on the
volatile profile.

Some of the available atmospheric volatile sampling methodologies were
also evaluated relative to the problem of monitoring disease-induced volatile

metabolites in agricultural storages.



REVIEW OF LITERATURE

Introduction

The potato (Solanum tuberosum L.) is noted for its susceptibility to

fungal and bacterial diseases during storage. Total wastage and storage
losses resulting from disease may rangeé from 5% to as high as 25% of the
stored crop depending upon disease levels and storage conditions (Nash 1978).

In North America, bacterial soft rot (Erwinia carotovora) is the most

potentially destructive of the storage diseases (Nash 1978; Perombelon and
Kelman 1980). Approximately 180,000 - 300,000 tonnes of potatoes are

lost annually in the United States to bacterial soft rot decay during
storage (Varns 1981). Under suitable conditions the disease may cause exten-
sive rotting of tubers within 2 to 5 days of infection (Perombelon 19693
Varns and Glynn 1979). The disease may also spread rapidly from tuber to
tuber (Hooker 1978), and, if not detected and arrested>the incipient infection
may envelop the entire bin.

In commercial storages, the key to the control of losses to bacterial
soft rot is early detection of the problem, Localized disease outbreaks may
be controlled relatively easily if detected in the early stages (Roberts
et al. 1976; Varns and Schaper 1981). Predictably, eventual losses are
directly related to the duration of disease development prior to the preventa-
tive modification of the storage environment (Roberts et al. 1976; Sparks

1979).



Storage Monitoring

Visual monitoring. In the past, visual inspections of the potato

storages were usually sufficient to ascertain the quality and disease status
of the stored crop (Nash 1978; Sparks 1979). The growers looked for signs

of obvious spoilage on the surface of the pile and checked the floor for

signs of seepage (Roberts et al. 1976; Nash 1978). 1In today's massive commer=-
cial storages the visible surface of the pile can provide only limited infor-
mation on the status of the entire mass (Varns and Glynn 1979).

The size of present storages has necessitated the utilization of remote
monitoring systems capable of evaluating conditions deep within the potato
pile (Schaper and Varmns 1978; Varns and Glynn 1979; Varns and Schaper 1981).
In general, these systems rely on the detection of some by-product of the
physiochemical processes involved in any type of spoilage, disease or imsect

infestation (Lee et al., 1973; Varns and Glynn 1979).

Temperature monitoring. The goal of monitoring the temperature of

agricultural storages is the detection of the heat produced by the metabolic
processes of any developing pathogen, as well as the heat evolved in the
disease resistance reactions of the stored crop (Roberts et al, 1976). 1In
unventilated storages (i.e. grain bins) air movement is limited and thermal
diffusion and dissipation through the stored crop is slow (Sinha and Wallace
1965). Consequently, the heat produced by any form of spoilage or disease
remains relatively localized and may be detected by suitable temperature
monitoring systems (Muir 1974). With potatoes, the "normal'" metabolic heat
output at recommended storage temperatures is such that the product must be
ventilated throughout the storage period in order to maintain optimum

storage conditions (Roberts et al. 1976; Nash 1978; Sparks 1979). Consequently,



the metabolic heat produced by any disease is rapidly dissipated. Therefore,
temperature monitoring systems in potato storages are normally only useful
for detecting large-scale temperature changes and early detection of small
pockets of decay is unlikely (Varns and Schaper 1981). Despite the limita-
tions of the system, temperature monitoring via thermocouples in the load

is the most common and often the only systematic technique used to monitor
the disease status of large-scale potato storages (Roberts et al. 19763

Anon 1977; Nash 1978).

Volatile monitoring. The normal physiological processes of all organisms

involve a wide range of metabolic intermediates and by=-products that are vola-
tile (significant degree of vaporization at standard temperature and pressures)
(Zlatkis et al. 1971; 1973a, b). The onset of any disease causes significant
alterations in both the metabolic rate and physiological processes of the
infected organism (Zlatkis et al. 1973; Varns and Glynn 1979). These altera-
tions are reflected by significant changes in the volatile metabolite profile
of the diseased organism (Zlatkis et al, 1973; Varns and Glynn 1979).

7latkis and his associates (Zlatkis et al. 1971 ; 1973a, b) were the first to
propose that diseases could be detected by monitoring volatile metabolite
levels. They were eventually able to detect various human metabolic dis-
functions (kidney disease, diabetes) through the analysis of the volatiles
present in the patients' breath and urine (Zlatkis et al. 1971; 1973a, b).

The volatile profiles of most agricultural crops have been extensively
investigated (Self 1967; Rasekh and Kramer 1971; Dravneiks et al. 1973;
Salunkke and Do 1976), but these profiles were for healthy rather than
diseased material. Information on the volatile profiles of healthy agricul-
tural crops during normal storage is limited (Hougen et al. 1971; Rasekh and

Kramer 1971; Meigh et al. 1973; Richard-Moulard et al. 1976; Abramson et al,



1980). Microbiological research has produced considerable information on
the volatile metabolites evolved by various micro-organisms, including numer-
ous strains known to be stored product pathogens (Lamanna and Malette 1959;
Henis et al. 1966; Adamson et al, 1974). Kaminski and co-workers (1972 and
1973) were able to identify a number of volatile odor components produced by

the fungi (Aspergillus flavus, Penicillium sp. and Cephalosporium) that infect

stored cereal crops.
Lee et al. (1973) applied the available volatile monitoring methodology
as a non-destructive technique for the detection of very low levels of myco-

toxin-elaborating Aspergillus flavus and A. parasiticus in peanut stocks.

Eventually they were able to detect the mold development simply by measuring
the increased volatile production of the contaminated stock relative to
healthy nuts.

Richard-Moulard et al. (1976) conducted sequential studies of the
changes in the volatile profile during the storage of corn in conditions
favourable to the development of microflora. They observed profound quanti-
tative and qualitative changes in the volatile profile with time, particularly
with the onset of spoilage.

Abramson et al. (1980) monitored the levels of several known fungal
metabolites over a 20 week period in a farm-scale wheat storage bin. They
were able to correlate changes in the volatile profile with a number of
storage quality parameters including fungal population levels.

Varns and Glynn (1979) have conducted the only study on storage volatile
monitoring for disease detection in potatoes. In laboratory experiments,
they monitored the volatile dynamics of potatoes inoculated with soft-rot

bacteria (Erwinia carotovora var. atroseptica). They noted significant

quantitative and qualitative changes in the volatile profile through the



progressive stages of the infection. The concentrations of several compounds
in the diseased profile were 15 to 1500 times greater than those observed in
the healthy volatile profiles. During the development of the infection the
ratios of acetone and ethanol relative to 2-butanone and acetoin changed.
Further, a number of compounds were detected in the volatile profile of
diseased tubers that were not apparent in the healthy tuber profiles. Three
compounds, ethanol, acetone, and 2-butanone, were identified as having
particular potential as indicators of bacterial soft rot.

Varns and Glynn (1979) also conducted tests in 500 to 600 tonne capacity
commercial storages in which they compared the volatile characteristics of
storages known to be infected with E, carotovora soft rot and Fusarium spp.
dry rot with the output from apparently healthy bins. The levels of ethanol,
acetone, and 2-butanone detected in the diseased bins were significantly
greater than in the healthy storages. It was speculated that the nature of
the changes in the volatile profile could potentially provide information on
the pathogen involved in an infection, the size of the trouble spot and the
stage of development of the infection (Varns and Glynn 1979; Varns and Schaper

1981).

Volatile Monitoring Methodology

Wyllie et al. (1978) and Varns and Glynn (1979) concluded that the
concept of volatile monitoring as a disease detection technique hinges on
the utilization of an analytical system capable of consistently and objec-
tively making rapid, comparative quantitative and qualitative assessments of
the volatile profile of the storage atmosphere over the entire storage period.
Varns and Glynn (1979) state that an experienced potato storage manager

may gain considerable information on the physiological and disease status



of a storage from the odor eminating from the pile. Many management deci-
sions continue to be based on this human form of volatile monitoring (Varns
and Glynn 1979). Unfortunately, the human nose is neither extremely accurate
nor dependable (Heath 1978). Additionally, many potentially important vola-
tile organics are essentially odorless to humans (Abramson et al. 1980) .

Volatile monitoring as a technique for disease detection is based on the
concept of the storage as an equilibrium system. The atmosphere above the
stored product (the headspace) is assumed to be in equilibrium with the pro-
duct. Consequently, a sample of the headspace atmosphere should both quan=
titatively and qualitatively represent the volatile characteristics of the
stored crop (Wyllie et al. 1978).

Headspace analysis techniques have been utilized in an extremely diverse
array of research endeavours (see Charlambous 1978 for review). Many of the
operational and methodological problems and limitations that have been encoun-
tered in this previous research must be considered in the application of head-
space analysis techniques to the problem of disease detection by volatile

monitoring (Varns and Glynn 1979).

Sample collection. In most headspace sampling projects, sample collec-

tion is a serious problem since the volatiles of interest are generally found
at extremely low concentrations in the sample atmosphere (Wyllie et al. 1978;
Boyko et al. 1978; MacKay and Hussein 1978). A number of systems have been
devised for the collection of headspace samples of sufficient concentration
for gas chromatographic analysis (Nawar and Ferguson 1962; Flath et al. 1969;
Clark and Crunin 1975; Dupuy et al, 1978). 1In direct sampling, a quantity

of headspace atmosphere is introduced directly into the gas chromatograph.
The largest headspace sample which can be practically introduced directly

into a gas chromatograph is about 10 cm3 (Wyllie et al, 1978; MacKay and



Hussein 1978). There is no concentration step in this procedure, consequently,
only compounds with a high vapor pressure or a high concentration in the

sample are detectable with this sampling technique ( evin and Ikeda 1968;
Bertucioli and Montedoro 1974). The injection of larger samples is not

feasible as this leads to excessively slow and difficult sample injections

as well as to problems with peak broadening, non~reproducible retention times, and
column pressure imbalances (Jennings et al. 1974; Wyllie et al, 1978).

Tf the volatile compounds of interest are not sufficiently concentrated
in a direct headspace sample, a headspace concentration procedure may be
used to increase the detectability of the volatiles (Boyko et al. 1978;

Wyllie et al. 1978).

In cryogenic sampling and concentration, the headspace sample gas is
passed through a trap which is cooled to below the dew point of the sample
volatiles (Bertsh et al. 1974; Wyllie et al. 1978). The volatiles are collec~
ted and concentrated in the condensation trap (Bertsh et al., 1974). However,
since the cooling zone 1is generally held at temperatures well below 0° C,
water vapor in the sample air freezes out along with the volatile organics
(Bertsh et al. 1974; Vanhaelan et al. 1977). This water dilutes the volatile
sample and detrimentally affects column performance if introduced into the
chromatograph (Wyllie et al. 1978).

Charcoal can be used to remove organic volatiles from the air (Mieure
and Dietrich 1973), However, sample recoveries from the charcoal are diffi-
cult (Bertsh et al. 1974; Barnes et al. 1981).

There are many highly porous, thermally stable polymer beads (polyethylene/
polystyrene co-polymers) that have been developed as gas chromatography column
materials (Chromosorb Century series from Johns Mansville, Porapak series

from Waters Associates and Tenax G.C, from Applied Chemical Services) which
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were also suitable for use as trapping agents in headspace sampling experi-
ments (Bertsh et al, 1974; Jennings et al. 1974; Barnes et al. 1981). These
polymers are capable of efficient, non-specific concentration of volatiles
from large volumes of headspace (Mieure and Dietrich 1973; Murray

1977). The headspace sample being moved through the trap acts as both the
carrier gas and a means of continuous sample introduction (Wyllie et al.
1978). As the gas sample moves through the trap the volatiles are removed
by capillary condensation on the highly porous beads (Bertsh et al. 1974).
At any given temperature, each compound in the headspaée sample has a specific
degree of affinity for the absorbent (Butler and Burke 1976). Once the trap
reaches its retention capacity for any given compound, any further addition
of that compound to the trapping column is balanced by the loss of an equal
number of molecules of that compound further along the column (Mieure and
Dietrich 1973). The retention volume of the earliest eluting compound of
interest (lowest absorbent affinity) defines the maximum volume of headspace
air which can be sampled quantitatively (Mieure and Dietrich 1973; Wyllie

et al, 1978).

As the porous polymers are non-polar and highly hydrophobic, the problem
of excessive water loading during the sampling of biological systems is elimi-
nated (Vanhaelen et al, 1977; Mieure and Dietrich 1973). The relatively
small chemically active surface area of the porous polymer reduces the prob-
lems of chemical modification and irreversible compound binding that are
encountered with charcoal traps (Clark and Cronin 1975; Wyllie et al. 1978).
The desorption temperatures necessary to completely purge the volatiles from
the polymer traps are generally low enough ( < 200° C) that pyrolytic altera-
tion of the volatile sample during the desorption procedure is not a problem

(Bertsh et al. 1974; Clark and Cronin 1975).
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In order to obtain quantitatively and qualitatively valid and represen-
tative data in any headspace analysis project, the vapor pressure, polarity,
concentration, structural nature, and boiling point range of the volatile
components of interest in the headspace sample must be taken into considera-
tion during the development of the sampling procedure (Kuo et al., 1977;
Wyllie et al. 1978; Bertsh et al, 1974; Kolb 19763 Bertuccioli and Montedoro
1974). The operating characteristics of the trapping polymer (chemical
affinity, polarity, active area/gram) the structure and capacity of trap,
and the sampling strategy (sample size and rate) must also suit the headspace

environment of interest (Murray 1977; Butler and Burke 1976; Barnes et al.

1981).



12

Soft Rot as a Pathogen in Potato Storages

A wide range of bacteria including pectolytic representatives of

Erwinia, Pseudomonas, Clostridium, Flavobacterium, Xanthomonas, and Bacillus

are capable of producing soft rot in potatoes (Hayward 19743 Hooker 1979;
Perombelon and Kelman 1980). However, the soft rot erwinias are the most
important in terms of their prevalence, virulence, and economic impact in
stored potatoes (Nash 1978; Perombelon and Kelman 1980; Varns and Schaper

1981).

Taxonomy. Erwinia bacteria are gram negative, rod~shaped, non-spore
forming, faculative anaerobes (Bergey 1974). Species of the genus that
belong to the tcarotovora' (carrot devourer) group are generally regarded
as the soft rot erwinia types, i.e. E. carotovora (Jones) Bergey et al. var.
carotovora (Jones) Dye and E. carotovora (Jones) Bergey et al. var.
atroseptica (Van Hall).

The primary characteristic which distinguishes the soft rot erwinias
from the other members of the genus is their ability to produce and secrete
large quantities of tissue macerating enzymes (Starr and Chatterjee 1972)
which enable the bacteria to attack a wide range of plant species, both in

the field and after harvest (Agrios 1967).

Differentiation of E. carotovora varieties. E. carotovora var.

atroseptica (ECA) and E. carotovora var, carotovora (ECC) are physiochemically
very similar (Perombelon and Kelman 1980), The taxonomic differentiation

of the varieties is based primarily upon biochemical reactions (Graham 1972).
E. carotovora var, carotovora has a minimum temperature requirement of 6° C
for growth while optimal growth occurs at 28 to 30° C and the maximum limit

for growth is 37 to 42° C (Graham 19723 Perombelon 1974). The minimum,
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optimum, and maximum for growth of ECA are somewhat lower, at 3° C, 27° ¢,
and 35° C, respectively (Perombelon and Kelman 1980).

E. carotovora var. atroseptica is generally restricted to temperate
regions (Perombelon 1973; 1974; Burr and Schroth 1977) and its host range
is limited to cool season crops (Stranghellini and Meneley 1975). By con-
trast, ECC with its higher temperature tolerances, occurs in both tropical
and temperate regions and is pathogenic to a wider range of plants (Graham
1964; 1974). In suitable regions, both varieties are commonly isolated

from one infected plant (DeBoer and Kelman 1975).

Etiology and histopathology. When the soft rot erwinias attack a

stored product, the symptomatology is similar irrespective of the host species
or the variety of E. carotovora involved (Perombelon and Kelman 1980). In
potatoes, the lenticels are the primary site of infection, However, the
disease may be initiated wherever the pathogen has penetrated the tuber
(Hooker 1978; Perombelon and Kelman 1980). The bacteria generally reside

and multiply within the intercellular spaces of the infected tissues (Starr
and Chatterjee 1972). There they secrete a battery of pectolytic enzymes
which attack the pectic substances that act as structural cement in the cell
wall matrix and middle lamellate of the host tissues (Goto and Okabe 1958;
Starr 1959; Graham 1964). Smaller amounts of cellulytic enzymes are also
released, resulting in localized destruction of the cell walls (Hooker 1978).
Deprived of structural support the host tissues lose their physical integrity
(Hooker 1978). The protoplast of the attacked cells collapses and dies,
releasing the cellular contents into the intercellular spaces (Starr and
Chatterjee 1972). This cellular sap provides nourishment and a means of
dissemination for both the pathogen and the wide range of secondary sapro-

phytes (Clostridia, E. coli and Fusaria) which rapidly invade the infected
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area (Meneley and Stranghellini 1972; Hayward 1974), Externally, the infec-
tion appears as sunken, cream to brown, water-soaked areas (Hooker 1981).

As the disease advances, the diseased tuber begins to crack, oozing a highly
infectious bacterial slime (Hooker 1978). Eventually, only the corky epi-

dermis of the tuber remains untouched by the pathogen.

Soft rot in storage. Although the potato may be attacked by soft rot

bacteria in the field, the development of the pathogen during the storage
period is often the most significant form of loss to the soft rot erwinias
(Varns and Glynn 1979; Perombelon and Kelman 1980). In a study of commercial
storages in Manitoba, Poff (1979) isolated E. carotovora from 59% of all
tubers tested., Perembelon (1974), working in Scotland, and Nelson (1978) and
Aleck and Harrison (1978), in the United States, found ECA to be the dominant
soft rot erwinia in the tubers tested in their regioms. E. carotovora var.
carotovora was found to be more prevalent in tubers taken from storages in
Romania (Lazur and Bucur 1964) and Manitoba (Poff 1979).

Initial inoculum levels may vary from O to 10° bacteria per tuber in
surface infections and O to 102 bacteria per lenticel (Perembelon and Kelman
1979), The subsequent survival of the bacteria during storage depends upon
their location on the tuber (Hayward 1974). Surface populations of soft rot
bacteria decline drastically during storage, while the bacteria sheltered
within cracks and in the lenticels are virtually unaffected.

Because of the disease kinetics of bacterial soft rot in potato storages,
the disease potential of the crop during storage is not predictable, nor is
it necessarily directly determined by the incidence of contamination at the
onset of the storage period (Varns and Glynn 1979). As the soft rot infec-
tion will spread from tuber to tuber in suitable conditions, the entire stor-

age may eventually be threatened by an infection originating from a single
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point of decay (Nash 1978). Alternatively, as the bacteria will only develop
under suitable storage conditions a high incidence of tuber contamination
need not inevitably lead to excessive spoilage losses (Roberts et al. 1976;

Nash 1978).

Disease dynamics in storage. Several factors in the storage environment

are known to influence the development of a bacterial soft rot infection
(Perembelon and Kelman 1980). E. carotovora infections in potatoes progress
more rapidly under reduced oxygen concentrations, despite the fact that,
in vitro, the soft rot erwinias grow better under aerobic than anaerobic con-
ditions (Lund and Nichols 1970; DeBoer and Kelman 1978). There may be a
reduction in the disease resistance of the tubers with declining oxygen
concentration (Lichovitch et al. 1967). Under aerobic conditioms, rotting will
occur only if there are sufficient bacteria (100 to 107) to produce anaero-
biosis on a micro-scale at the infection site (DeBoer and Kelman 1978).
When the host tissues are oxygen deficient, only a few dozen bacteria are
required to elicit decay (Perombelon and Lowe 1975).
Water films on stored produce increase decay and inhibit the potatoes’
resistance systems by interfering with the diffusion of oxygen into the
tuber (Burton and Wigginton 1970). A water film also facilitates the movement
of bacteria to previously uninfected sites (Perembelon and Kelman 1980).
Temperature is the primary environmental factor affecting the develop-
ment of soft rot in potato storages. At normal storage temperatures (5 to 9©
C), bacterial growth is limited and the resistance responses of the potatoes
are normally sufficient to further retard the onset of any decay (Perombelon
and Kelman 1980). At these low storage temperatures, some form of external
inter ference, such as the development of free water on the tubers, must take

place before rotting will occur (Perombelon and Kelman 1980). The physio-
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logical processes involved in wound healing and disease resistance in the
potato reach a maximum at about 20° C and at temperatures above this point

disease development is very rapid (Perombelon and Lowe 1975).

Disease characteristics. Wet conditions at harvest increase the suscep-

tibility of potatoes in storage to soft rot (Hooker 1978; Nash 1978). 1In
very wet years the tubers may already exhibit some degree of rot at harvest
(Nash 1978). Potatoes harvested at soil temperatures above 23° C tend to
have severe disease problems because of a high field heat content going into
storage (Hooker 1978).

Before a storage is cooled to the 'safe' longterm storage temperatures,
the potatoes are held at 15 to 18° ¢ for 10 to 14 days to allow for wound
healing (Sparks 1979). These warm conditions may trigger bacterial decay
in the harvest damaged tubers (Nash 1978; Hooker 1978).

Maintenance of the recommended 90 to 95% R.H. in the storage without
the development of condensation on either the potatoes or the walls of the
storage (which will drip on the load) is difficult (Nash 1974; Roberts et al.
1976). 1In storage, liquid from frost damaged or diseased tubers may drip on
sound but E. carotovora contaminated stock creating conditions favorable
for decay (Perombelon and Kelman 1980).

The onset of disease can occur almost simultaneously throughout the
storage (Nash 1978). This type of outbreak usually occurs early in the
storage period and stems from environmental conditions prior to or during
harvest that are favorable for the development of the pathogen population
(i.e.,warm, wet soil) (Nash 1978). However, the most common type of storage
decay is the development of localized areas of infection within the storage
as a result of disease and storage conditions combining in one area to pro-

duce an environment suitable for the onset of decay (Roberts et al. 1976;
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Perombelon and Kelman 1980).

Management of disease in storage. When unfavorable harvest conditions

trigger a widespread outbreak of disease in the newly harvested tubers,
the temperature of the storage is decreased as rapidly as possible (Nash
1978; Sparks 1979). Air flow rates are increased to dry and cool the tubers
(Roberts et al, 1976). These procedures slow the development of the infec~
tion, but without having undergone adequate wound healing, the storage potential
of the potatoes is limited (Roberts et al. 1976).

In cases where pockets of decay are produced by localized unfavorable
storage conditions the focus of decay is removed, if possible, to prevent
any further spread of the disease (Sparks 1979)° As an insurance measure
airflow rates through the remaining tubers are increased to dry any surface

moisture or leakage (Sparks 1979).



MATERIALS AND METHODS

General Procedures

Tuber Preparation

The potatoes (1979 and 1980 crops) used in all experiments were stored
(1 to 8 months) in darkness at 10° C and 90% relative humidity prior to use.

Sound tubers weighing 200 + 5 g were selected for all experiments.
The tubers were washed, then surface sterilized by soaking for 30 min in a
1% solution of a quaternary ammonia disinfectantl, The tubers were subse-
quently rinsed with tap water, then immersed for 30 min in distilled water.
This final immersion was necessary to hydrate the outer cell layer of the
potato. Once hydrated, the tuber surface is more amenable to the survival

and establishment of bacteria.

Soft Rot Inoculation

Isolates of E. carotovora var. carotovora (ECC) and E. carotovora var.
atroseptica (ECA) were obtained from the collection maintained by the Plant
Pathology Section of the Manitoba Department of Agriculture., The bacteria
were maintained on nutrient agar slants at 2° ¢ until the time of use., Ino-
culum was prepared by inoculating 50 ml swirl cultures of either standard

potato dextrose? or nutrient broth3. After 72 h of incubation at 21 % 2° ¢

lreramine - West Chemical Products; Montreal, Quebec, Canada.

2Difco Manual.

3Laboratory Guide for the Identification of Plant Pathogenic Bacteria,
ed. N.W. Schaad.
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the bacteria population was approximately 4.0 x 107 colony forming bodies/ml.
An aliquot of undiluted culture was introduced into each tuber via a
syringe equipped with a sterile 3.8 cm No., 186 hollow needle. Unless other-
wise specified each tuber was punctured at 25 points during inoculation. The
total inoculum volume was 1 ml/tuber unless otherwise specified. Tubers
which had been wounded but not inoculated were used as the reference control

for volatile production.

Jar Bxperimants (Experiments 1 to 3)

Sterile, volatile free, 946 ml glass Gem jars were used as the incubation
and headspace confinement chambers in this series of tests. One inoculated
tuber was placed into each jar. Although the jars featured a screw-top lid
with a rubber sealing gasket, it was necessary to wrap the top of the jar
with parafilm to ensure a gas-tight seal, The 1id of the jar was fitted with
a rubber septum to permit gas sampling.

In all jar experiments, ambient air was used as the storage environment
in the jars. The jars were stored in darkness at 21 + 2° C,

The enclosed potatoes were sampled for volatile production every 24 h
using a 10 cm3 capacity gas-tight syringeL*° Before the gas sample was taken,
the syringe was filled and emptied several times with the air from the jar to
be sampled. This process allowed the sample volatiles to equilibrate with
the syringe materials and also dispersed any volatile gradients that may have
existed within the jar. The 10 cm? gas samples were introduced onto the gas
chromatograph column by direct injection, However, prior to its introduction

into the gas chromatograph, the sample was compressed to 2 cm3, through the

4pregsure Lokk Syringe - Precision Sampling Co.; Baton Rouge, Lou., U.S.A,
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exertion of pressure on the syringe plunger while the syringe outlet valve
remained closed. This pressurization of the sample prior to injection faci~-
litated rapid, reproducible sample introduction.

Immediately after sampling,the rubber septa were removed from the jar
lids and the tubers were misted with sterile, distilled water in order to
maintain a suitable habitat for the growth of the pathogen. The jars were
then thoroughly flushed with ambient air prior to being resealed. This air
constituted the storage environment for the next sampling period.

Two experiments were conducted using jars as the incubation and head-
space confinement chamber., In the first experiment 'Russet Burbank' tubers
were treated with a mixed inoculum which was prepared by mixing equal volumes

of mature E. carotovora var, carotovora and E. carotovora var. atroseptica

swirl cultures. This experiment was sampled as a completely randomized
design, with nine replicates for the inoculated treatments and three repli~
cates for the control. In the second experiment, the disease organisms
(ECC or ECA) were introduced into 'Russet Burbank' and 'Norland' tubers.
The:experiment was sampled as a completely randomized design with three

replicates/treatment. This experiment was conducted twice (Experiments 2

and 3).

Bag Experiments (Experiments 4 to 10)

Sterile, airtight (3.2 L capacity, 0.08 mm thickness) ziplock bagsd
fitted with a single gas outlet were used as the incubation environment and
headspace confinement chambekr in these tests. Unless otherwise specified,
the tubers to be tested were prepared and inoculated in the previously des-

cribed manner. One kilogram of inoculated tubers was placed in each bag.

5 Polyethylene/Saran copolymer. Dow Chemical Canada, Toronto, Canada.
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With the potatoes in place, the sealed bags contained 2.5 L of air. Room air,
which had been filtered through a cotton-wool plug to reduce bacterial
contamination, was used as the headspace environment.

The bags were stored in darkness throughout the test period. Unless
otherwise specified, the storage temperature was 21 + 2° €. Volatile samples
were taken from the bags at 24 h intervals in a manner that will be des-
cribed in the "Bag Sampling Procedure" section. The bags were sampled in a
completely randomized manner in all experiments., Immediately after each
sampling the bags were completely evacuated. The potatoes were then misted
with sterile, distilled water to maintain a surface moisture film. The new

storage atmosphere was then metered into the bags.

Experiment 4: Volatile profiles of diseased and healthy tubers. To

compare the volatile profiles of diseased versus healthy tubers a mixture of
E. carotovora var. carotovord and E. carotovora var. atroseptica was used to
infect the potatoes., This mixture of pathogen types represents the expected
inoculum situation in commercial storages (Perombelon and Kelman 1980).

E, carotovora var, carotovora (ECC) and E. carotovora var. atroseptica
(ECA) swirl cultures were prepared as previously described., A mixed ino-
culum (EMX) was prepared by combining equal volumes of the two swirl culture.
'Russet Burbank' tubers were used in this experiment. Nine replicates of the
"yiseased” treatment (EMX) and two replicates of the "wounded control' (CO)
treatment were prepared.

The experiment ran for 5 days. Beyond this time, it was not possible

to sample the "diseased" treatments due to disintegration of the tubers.

Experiment 5: Volatile profiles of different varieties of E. carotovora.

This experiment was designed to test the difference between the volatile
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profiles of ECC and ECA infections. Additionally, the volatile profiles of
diseased versus healthy tubers and the effect of wounding on volatile pro-
duction were investigated.

'Russet Burbank' tubers were inoculated with either ECA or ECC in the
"qiseased” treatments. ‘'Wounded controls' were prepared as before. Addi-
tionally, non-wounded tubers were used in a "healthy control' treatment.
Five ECC, five ECA, two wounded control (CO), and two healthy control (CX)
treatments were prepared.

This experiment was conducted twice.

Experiment 6: Volatile profiles of different strains of E. carotovora.

This experiment was designed to determine the volatile production of differ-
ent strains of the two E. carotovora varieties. Additionally, the volatile
profiles of diseased versus healthy tubers and ECA versus ECC were investi-~
gated in this test. This experiment was conducted twice. In the second trial,
the effect of using different cultivars of potatoes as the disease host was
also investigated.

Swirl cultures of two strains of E. carotovora var. atroseptica (ECA 1 =
previously utilized strain and ECA 2)6 and three strains of E. carotovora var.
carotovora (ECC 1 = previously utilized strain, ECA 2, and ECA 3)6 were pre-
pared in the previously described manner., The first time this experiment
was conducted, only 'Russet Burbank' (R) tubers were tested. Three repli-
cates of each treatment were prepared. The second time this experiment was
conducted, both 'Norland' (N) and 'Russet Burbank' (R) were tested. Two

replicates were prepared for each treatment.

6provided by Plant Pathology Section, Manitoba Department of Agriculture.
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Experiment 7: Effect of incubation temperature on volatile profile of

diseased potatoes. This experiment was designed to test the volatile produc-

tion of diseased versus healthy tubers at a range of incubation temperatures.
The goal was to determine the effect of temperature on the combined produc-
tion and diffusion of the metabolic volatiles from the point of production.

An E. carotovora var. carotovora/E. carotovora var. atroseptica mixed

inoculum (EMX) was prepared in the previously described manner. 'Russet
Burbank' tubers were treated to produce 12 "iiseased" and six "wounded control”
treatments. The tubers were incubated at 21.5, 9,8, and 4,1° ¢, with four
"diseased” treatments and two ''wounded controls'" at each temperature.

The experiment was conducted twice,

Experiment 8: Effect of incubation temperature on volatile profiles of

potatoes infected with E. carotovora var. carotovora or E, carotovora var.

atroseptica. As in Experiment 7, this test was designed to investigate vola-

tile production patterns at different incubation temperatures. However, the
E. carotovora varieties (ECA and ECC) were tested separately in order to
ascertain whether the temperature-related difference in growth of the varie-
ties (Perombelon and Kelman 1980) would be reflected in the volatile output.

Inocula for ECA and ECC were prepared in the preyiously described manner.
The treatments were incubated at 21.5 and 9.8° C (three replicates for each
disease variety and two wounded controls/temperature).

This experiment was conducted twice,

Experiment 9: Effect of inoculum size on volatile production and tempera-

ture effects on trap performance. Besides testing the effect of inoculum size

on volatile production, the effect of temperature on trap performance was

also tested.
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An E. carotovora var. carotovora/E. carotovora var. atrogeptica mixed

inoculum (EMX) was prepared in the previously described manner. A '"small=~
inoculum diseased" treatment (SMX) was prepared by inoculating each tuber
with 1 ml of the mixed inoculum distributed over 25 puncture points. The
large-inoculum "diseased" treatments (LMX) were prepared by inoculating the
tubers with 2 ml of the mixed inoculum distributed over 50 puncture points.
The corresponding ''wounded controls" were SCO (25 punctures) and LCO (50
punctures). In total, 16 treatment bags were prepared with four replicates
for each treatment (SMX, LMX, SCO, LCO).

During the sampling of two replicates for each treatment, the collection
traps were maintained at 1° ¢, in an ice-water bath., For the other two
replicates, the collection trap was held at room temperature (21 + 2° ).
Throughout the test period, the trap temperature for each bag remained the

same, in order to avoid the confounding of variables.

Experiment 10: Volatile production by potatoes infected with ring=-rot.

This experiment was designed to test the volatile production characteristics of

a ring-rot (Corynebacterium sepedonicum) (Spiekermann and Kotthoff) infection.

An isolate of C. seEedonicum7 which had been maintained on nutrient-
broth/yeast extract agar slants at 20 ¢ was used as the test pathogen. Ino-
culum was prepared by inoculating sterile 50 ml swirl cultures of standard
nutrient broth8, After 48 h of incubation at 21 % 20 ¢, the cultures reached
a population of approximately 3.0 x 10° colony forming bodies/ml. "Diseased"
treatments were prepared by inoculating 'Russet Burbank' tubers in the pre=

viously described manner. Three replicates of the "diseased” (RR) and

7Provided by G.A. Nelson, Canada Department of Agriculture Research Station,

Lethbridge, Alberta, Canada.
8Laboratory Guide for the Identification of Plant Pathogenic Bacteria,
ed, N.W, Schaad.
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wounded control' (CO) treatments were prepared.
The procedure used for the collection and analysis of the C. sepedonicum

volatile output were the same as those used in the soft-rot experiments.

Experiment 11: Analysis of volatile profiles of bacterial cultures.

Standard potato dextrose? swirl cultures were inoculated with E. carotovora
bacteria in the previously described manner. The swirl cultures were sealed
with foam rubber stoppers. The cultures were maintained at 22° C. At 24 h
intervals, a syringe was used to collect a 10 cm3 sample of the swirl cul-
ture headspace. As the needle from the syringe could be inserted through
the foam stopper, the risk of contaminating the culture during the volatile
sampling was minimal. The headspace samples were introduced directly into
the gas chromatograph,.

In one trial, E. carotovora var. atroseptica and E, carotovora var.
carotovora cultures were tested, Three replicates were prepared for each
treatment. In another trial, a mixed E. carotovora culture was prepared by
inoculating each swirl culture with isolates of both E. carotovora varieties.
Three replicates of this treatment were tested against three non-inoculated

treatments.

Bag Sampling Procedure

Direct sémpling of the bag atmospheres could not provide adequate data
due to the low concentration of metabolic volatiles in the bag headspace.
A trapping/concentration step designed to yield a concentrated but represen-
tative sample of the bags' headspace atmosphere was necessary. After testing
a number of trapping systems, a modified version of the inlet liner/trap

system developed by Brown et al. (1972) was selected as the optimal -

9Laboratory Guide for the Tdentification of Plant Pathogenic Bacteria.
ed. N,W. Schaad.
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trapping system for our particular experimental situation. This system uti-
lizes a gas chromatography injector port liner packed with one of the porous
polymer absorbents as a one step trapping/concentration apparatus.

In our experiment, traps were prepared from sections of acid etched
pyrex glass tubing (4.0 cm long x 3 mm 0.D,, 1.75 mm I.D.), flanged af one
end in a manner similar to the standard Hewlett Packard injector liners.

The flange ensures an efficient gas-tight seal between the top of the trap
and the lip of the injector port.

The porous polymer absorbent Chromosorb 10510 was used in the traps.
When packed with 180 mg of 60/80 mesh Chromosorb 105, the traps had an effec-
tive trapping surface of 7.8 to 9.1 m2, The traps were vibrated during fill-
ing to promote uniform packing of the absorbent. The polymer beads were
held in place within the trap by plugs of silanized glass wool. Prior to
their first use, the traps were conditioned by inserting them into the heated
injector port of the gas chromatograph (220° C) and allowing the carrier
gas stream (high purity Nz at 30 ml/min) to flow through the trap for 24 h.

All bag headspace samples were collected by introducing the trap into a
line (5 mm O0.D. Tygon and Teflon tubing) connecting the sample bag with a
vacuum pump (Figure A). Sampling involved passing a known volume of the
headspace air through the trap at a controlled rate, As the air sample passed
through the trap, the volatiles entrained in the headspace sample were
absorbed onto the porous polymer beads. In all bag experiments, the bags
were sampled for 15 min. at a flow rate of 120 ml/min, resulting in a final
sample size of 1.8 L/trap. An in-line needle valvell was used to regulate

the sampling rate. Flow rates were determined by water displacement.

10johns-Manville Co., Port Credit, Ontario, Canada.
11c,. No. IVM4, Whitey Co., Oakland, California, U.S.A.



r1cure A, Technique for trapping and identification of volatiles produced by potatoes infected
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Unless otherwise specified, the traps were maintained in an ice-water

- path (1° C) during the sampling period.

Sample Introduction

Generally, the traps were transferred to the gas chromatograph - immed-
jately after the sampling procedure was completed. However, when properly
capped and refrigerated (-2.5O C), the traps could be stored for several
days without appreciable volatile loss.

The traps were introduced into the gas chromatograph by removing the
septum retainer nut and inserting the trap into the pre~heated injector
(200° C) until the flanged neck of the trap came into contact with the counter-
sunk top of the injector column. The septum nut was immediately replaced and
the chromatographic analysis (temperature program, peak integration) was
commenced. When the trap is introduced into the heated injector port, the
compounds entrained on the polymer beads are instantaneously thermally vola=
tilized. The normal carrier gas stream, which runs through the injector,
sweeps the desorbed volatiles from the trap onto the analytical column,

The traps were retained in the injector throughout the 20 to 30 min gas
chromatograph run., During this period the continuous flushing action of the
heated carrier gas purged any low volatility compounds that might have
remained on the trap. The regenerated traps were allowed to cool for 24 h

prior to the next trapping/desorption cycle.

Chromatographic Conditions

All analyses were performed using a Hewlett Packard 5720A single column

gas chromatograph, equipped with a flame ijonization detector, This unit was

designed to accept a glass injector port liner.

A stainless steel column (3.3 m long, 5 mm 0.D., 3 mm I.D,) packed with
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3.6 g of 50/80 mesh Porapak P12 was used in all chromatographic analyses.,
The column was packed under suction and vibration, then capped with silan-
ized glass wool plugs. The column was conditioned with a N, purge flow for
48 h at 220° C prior to use.

Injector port and detector temperatures were 200° and 220° C, respec~
tively. The flow rate of the high purity N2 carrier gas was 30 ml/min., In
order to obtain adequate peak resolution with reasonable retention times,
an oven temperature program was used in all G.C. analyses (Tzero 100° -
Ttinal 200° C; at 4°C/min in jar experiments, 6° C/min in bag experiments).

The gas chromatograph was coupled to a Columbia Scientific Industries
204 automatic integrator which determined the retention times and peak
areas of the individual peaks. This unit also calculated the total peak area/
chromatogram, and also listed the normalized abundance of the individual
peaks (area of individual peak/total peak area of chromatogram X 100). A
Perkin Elmer 105 strip chart recorder was used to trace the chromatogram and

a Victor Digitmatic event recorder was used to produce a hard copy of the

integrator information.

Compound Identification

Tentative identification of the chromatogram peaks was based on the
comparison of the peak retention times with the retention times of known
standards. Volatile samples of the standards were prepared by evaporation
of 1.l of the compound in a 2 ml septum-sealed reaction viall3, A 0.25 cm3
sample of the atmosphere within the vial was removed with a gas~tight syringe

and injected directly into the gas chromatograph., At each oven program rate

12Waters Associates, Milford, Mass., U.S.A.
13Suppelco Inc., Bellafonte, PA, U.S.A.
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(4 and 6° C/min), the retention time of each standard was determined in three
separate tests. A wide range of C;-Cg aliphatics, aldehydes, ketones,
alcohols, esters, and organic acids were tested14. In some cases, two or
more compounds had column retention times that matched the retention time

of one experimental peak. As it was not possible to ascertain whether the
experimental peak represented more than one compound all the potential
matching compounds were included in the lists of the tentative compound
identities.

The retention indices obtained from these tests were correlated with
previously published retention data for volatile organics on Porapak P (Dave
1969; Supina and Ross 1969; Anon 1977) as an additional check on the compound
identities.

In order to determine whether the introduction of volatiles by desorption
from the polymers traps had an impact on retention times, a 1a:1 aliquot of
the standard was absorbed onto polymer traps prior to the trap being intro-
duced into the gas chromatograph. The retention times obtained were compared

with the values obtained for direct sample injection.

Bacteria Recoveries

E. carotovora recovery. At the end of each test, a 0,1 ml aliquot of the

bacterial seepage was removed from each incubation vessel. This material
was diluted (1 x 10-4) with sterile distilled water. A 0.1 ml aligquot of
this solution was plated on crystal violet pectate (CVP)15 medium. The
plates were incubated for 72 h at 27° €. E. carotovora bacteria were iden~

tified by the formation of translucent, irridescent, deeply-pitted colonies.

l4chem-Services Inc., West Chester, Pa.

15"18Laboratory Guide for the Identification of Plant Pathogenic Bacteria.
ed. N.W. Schaad.
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Duplicate tests were conducted for each experimental replicate.

E. carotovora variety isolation. Ten independent E. carotovora colonies

were selected at random from each of the CVP plates prepared for the disease
replicates at the termination of each experiment. These colonies were

spotted on methyl-D-glucoside/agar platesl6. The plates were incubated at
20° ¢ for 48 h., The presence of a red tinge to the colonies was considered

a positive reaction, diagnostic for E. carotovora var. atroseptica.

Secondary microflora identification. At the end of each test, another

0.1 ml aliquot of bacterial seepage was removed from the incubation vessel.
This material was diluted (1 x 10'4) with sterile distilled water. A 0.1 ml
aliquot of this solution was plated on nutrient agar mediuml?. The plates
were incubated for 48 h at 27° C. Microflora identifications were based
entirely upon colony morphology, and were consequently only tentative iden-

tifications.

C. sepedonicum recovery. At the end of the test, a 0.1 ml aliquot of

bacterial seepage was collected from each incubation vessel., This material
was diluted (1 x 10'4) with sterile distilled water. A 0.l ml aliquot of
this solution was plated onto CVS mediumls, which is selective for coryne-
bacteria. The plates were incubated for 72 h at 229 C, C. sepedonicum

bacteria were identified as colorless colonies on the selective med ium.
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Statistical Tests and Data Manipulation

Major chromatogram peaks were defined as any compound which occurred
at an average level of > 1000 integrator units in any of the experimental
treatments.

The mean values for the peak area and percentage of total peak area

(PTPA) values for the major chromatogram peaks were calculated as follows:

DAY X
¥ PEAK AREA (PEAK,) = : : DAILY PEAK AREA FOR PEAK;

NUMBER OF DAYS IN INCUBATION PERIOD

DAY 1

DAY X
DAILY PEAK AREA FOR PEAKi

TOTAL DAILY PEAK AREA

>l

DAY 1

NUMBER OF DAYS IN INCUBATION PERIOD

This method of calculating the PTPA values was intended to de-emphasize
peaks that appeared at elevated levels for short duration. Spurious peaks that
became prominant late in the infection were a particular concern. The exponential
increase in volatile production over the incubation period meant that late
developing compounds could overshadow components that had played a stable
role throughout the majority of the incubation period and which were, there-
fore, considered better disease indicators. Additionally, in the final
stages of the infection, it is possible that the volatile output could be
altered by changes in the availability of substrate suitable for the pathogen
and also by the development of secondary saprophytic micro-organisms. These
factors would tend to reduce the validity of late developing compounds as
accurate indicators of a specific disease.

With this system of PTPA calculation the summation of the PTPA values
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for all the peaks in any treatment will not necessarily equal 100%. 1In
treatments where transient peaks or compounds averaging output levels of

less than 1000 integrator units formed a significant percentage of the total
volatile output, the summation of the PTPA values may be relatively small.
Further with this system of PTPA calculation the results for Duncan's tests
on the PTPA values will not necessarily be identical to the results for tests
of the peak area values,

The analysis of variance and Duncan's multiple range tests were performed
using the General Linear Models (GLM) procedure of the Statistical Analysis
System (SAS) programs. In cases where block sizes were uneven the Duncan's
test procedures were based on a calculated harmonic mean for cell size.

To provide a means of using volatiles as identifiers for a particular
disease, treatment signatures or fingerprints were prepared according to the
system developed by Henis et al., (1966). The letters designating the peaks
were arranged in an order corresponding to decreasing peak areas or decreas-
ing PTPA values. Metabolites occurring in trace amounts (average area < 200
integrator units) were designated by lower case letters and were arranged
in alphabetical order.

The statistical significance of the differences between the peaks making
up the signatures was determined by the use of Duncan's multiple range test
at the 5% confidence level. Peaks which were not significantly different
were enclosed by a set of brackets. The differences between those not so
enclosed are significant at the 5% level. The trace level peaks were not
considered in the statistical analysis.

Based on Henis' et al. (1966) system, the treatment signatures could
be distinguished if any of the following applied: 1) two treatments had
the peak in common but the peak area or PTPA for that peak were statistically

different; 2) one of the treatments produced the metabolite either in signi-



ficant or trace amounts, whereas the compound was
of the second treatment; 3) one of the treatments
significant quantities whereas the other produces

if the peak was in the lowest homologous group in
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not found in any replicates
produced the compound in
only a trace, however,

the Duncan's test a diffe-

rence with a trace peak was not considered significant.

In the analysis of the volatile data a number of data variables were

established, i.e., total volatile production, total number of peaks, etc.

The use of the word 'total' in these variables is not meant to imply that

the trapping and detection system was capable of providing information on

all the volatile compounds being produced by the diseased potatoes. These

variables only refer to the volatile compounds that could be contained by

the trapping/sampling systems and detected using a flame ionization detector.
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RESULTS

Experiment 1: Volatile Profiles of a Mixed E. carotovora Infection

Disease summary. The E. carotovora infected treatments (EMX) appeared

to be relatively uniform in terms of their visual symptomology. The first
obvious signs of decay appeared on day 8 of the incubation period, with
pitting of the tuber surfaces and the beginning of seepage from the inocula-
tion points. These symptoms progressed and by day 15 the potatoes had lost
all structural integrity. On day 7 one of the wounded controls (CO) began
to show disease symptoms very similar to those observed in the infected treat-
ments. This infection eventually resulted in the total decay of the tuber.
At the termination of the experiment, both E. carotovora var, carotovora and
E. carotovora var. atroseptica bacteria were isolated from this treatment.
The remaining control treatments remained healthy throughout the incubation
period.

At the end of the incubation period,E. carotovora bacteria were isolated
from all inoculated treatments. Tests indicated that both varieties of E.
carotovora were present in all the diseased treatments. Populations of secon-
dary organisms were minimal in comparison with the E. carotovora population,
Yeast, E. coli, and Clostridium were identified as the predominant secondary

——————————————,

microflora.

Volatile production. The mean daily volatile production data for a

mixed E. carotovora infection are presented as an exponential function in

Figure la. The apparently contaminated wounded control was plotted separately.



FIGURE la. Daily total volatile production and corresponding best-fit lines
for a mixed E. carotovora (EMX) infection.
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The total volatile output for the EMX treatment increased steadily until day
11 of the incubation period, at which time production levelled out. Total
volatile production at the end of the experiment was 160X greater than at the
onset.

The mean daily volatile output of the contaminated control followed a
production pattern very similar to that recorded for the EMX treatment.
Volatile production levels at the end of the experiment and the degree of
increase in volatile production over the experimental period (163X) were simi=-
lar to the results for the EMX treatment.

The daily volatile output of the non-contaminated controls followed a
bimodal response curve, Volatile output peaked at day 1, declined through
to day 5, then increased steadily through the remainder of the incubation
period. The volatile output at the end of the incubation period was only 10%
of the volatile output on day 1.

The linear regression equations for the natural logs of the daily vola-
tile production values of the EMX and CO treatments are presented in Table
la. The regression line for the healthy controls was based on the data from
days 3 to 15. The significance of the regression coefficients indicated that
the total daily volatile production of the EMX (P = 0.01) contaminated con-
trol (P = 0.05) and healthy control (P = 0.05) treatments showed an exponen-
tial pattern of increase over the incubation period.

Table 1b contains the test statistics for the covariant analyses of the
daily volatile production regression lines. The regression equations for
the EMX treatments and the healthy controls had significantly different slopes
(P = 0.05) and general equations (P = 0.01), The healthy and the contaminated
controls could also be differentiated on the basis of both the regression

slopes (P = 0.01) and general equations (P = 0.01)., The regression equations
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TABLE la. Linear regression equations for the daily
total integrator responses of a mixed E. carotovora
infection.

Treatment Equation r

E. carotovora Yl) = e3.66+0.33§2 .93**
infected

"Contaminated"

y = ol0.23+0.29X 71
control

144 1'3) ~
Healthy ¢ = %4.3910.21X Lg5¥*

control

1)Y

2)-)2

Total integrator response (integrator units).

Incubation period (days).
3)Day 1 not included due to "wound" effect.

Fk
Significant at the 1% level,
*Significant at the 5% level,



TABLE 1b. Analysis of covariance for the linear regression equations
calculated for the total integrator responsesl) of a mixed E.
carotovora infection.

Pairwise F Test for similarity
comparison F Test for slope between lines

E. carotovora

Vs 0.89N:S. 4,41Ne5.
Contaminated

control

Contaminated

control sose o
Vs 13,437 68.66" "

Healthy control

E. carotovora ok
vs 7.07% 342,55
Healthy control

ek
Differences significant at the 1% level.

)

Ln of integrator units.

40
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for the EMX treatments could not be differentiated from the contaminated
control on the basis of either the regression equation slopes or general
formulations (P = 0.05).

The mean of the peak area totals (LOGlo) for the EMX treatments was
approximately 130X greater than that for the controls (Table lc). This
difference was significant at the 1% level.

The major peaks in the volatile profiles of the experimental treatments
are listed in REFERENCE TABLE A, The mean number of peaks/chromatogram for
the EMX treatments was significantly (P = 0.01) greater than for the
controls, even with the contaminated control data included in the analysis
(Table 1d).

The areas (LOGIO) and PTPA values, averaged over the entire incubation
period, of the major peaks in the treatment chromatograms are presented in
Table le. The chromatogram signatures for the peak areas and PTPA values
are presented in Table 1f (REFERENCE TABLE B for peak identification). The
metabolites which, according to the test statistics in Table le could poten-
tially be used to differentiate between the treatments, are listed in Table lg.
Based on average compound production levels, compound F, 1-butanal/2-butanol,
2-butanone/2-methyl-1l-propanol, and compound K could be used to differentiate
between the volatile profiles of the healthy controls and both the EMX and
the contaminated control treatments. In all cases, the healthy controls
produced significantly lower quantities of the diagnostic metabolites, The
same group of compounds could also be used to differentiate between the
healthy controls and both the EMX and the contaminated control treatments
when the PTPA values were examined, Again all differences involved greater
relative volatile outputs by the EMK and contaminated control treatments.

The EMX treatment could not be differentiated from the contaminated control

on the basis of either the area of PTPA values of any of

corded in this experiment. e
recorde P OF MANITORA

M
LIBRARYES
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TABLE lc. Pairwise comparison of means of peak area
totalsl) averaged over the incubation period for

a mixed E. carotovora (EMX) infection.

Pairwise Mean total

comparison integrator response t Value
EMX 5.947 4,232%*
Vs

Control 3.838

**yalues significantly different at the 1% level.

1
)Log of sum of all individual peak areas.

TABLE 1d. Pairwise comparison of mean numbers of peaks/
chromatogram over the incubation period for a mixed

E. carotovora (EMX) infection.

Pairwise Mean number

comparison peaks/chromatogram t Value
EMX 7.2

vs 9.04**
2.4

Non~-Inoculated

%k
Values significantly different at the 1% level.
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REFERENCE TABLE A. Volatile peaks occurring in the jar experiments (Experiments

1"3)0
8
I Volatile Detectable In: o
g E & o o g
Q o o n o [y}
SeE Compound E. carotovora E. carotovora v
] identity var. atroseptica var, carotovora EMX Control ™3 2
2,7 Methanol * % % % % *
3.7 Ethanal * * * * *
5.4 Ethanol % * * % * %
6.7 2-Propanol * * * * %
7.4 1-Propanal/
2-Propanone * * % * * %
8.2 ? * * * % *
9.7 1-Propanol ‘ % % * * % *
12.1 1-Butanal/
2-Butanol * * * % * %
13.0 2~Butanone
2-Methyl-1-Propanol * % % * % *
14,7 1~-Butanol * ¥ * * * %
16.0 ? * * * % %
16.6 3-Hydroxy=-2~Butanone * * * * * %
18.5 ? * %* * % *

* = Detected in treatment.



TABLE le. Areas of chromatogram peaks averaged over the incubation period for a mixed E, carotovora (EMX) infection.

3-Hydroxy-
1-Propanal/ 1-Butanal/ 1 -Butanol R -
Bthanal Ethanol 2-Butanone RT = 8.2 min T-Propanol 2-Butanol urane Z-Butanone RT 18.5 min

Areal)  PrPA?)  Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA
EMX 1.26 a* 1.05a 3.48a 9.56a 4,03a 11,45a 2,304 2,30 a 3,0la 2.07a 2.76a l.458 3,69 a 7.58 a 1.51 a 1.42 a 2.11a 0.8 a
Contaminated
control 4,18a 2,21 a 5.26a 16,07a 5.30a 2.62a 3.95a 0.57 a 4,67 a 2.8 a 4.4l a 1.69 2 5,19 a 9,60 8 4,20 a 1.26 a 2,12 a 0,41 a
Healthy
control 2.39a 1.05a 3.03a 5.14a 3.13 a 7.43 a T b T b 2.,40a 0.482 T b T b 3,54 a 15.00 a T b T b 2.53a 0.71a
1) )

Total area (Log of integrator units).

)Relative area = individual peak area/total peak area X 100.

*
Values within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test for
ordered means.

T = Trace.

vy
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TABLE 1f. Chromatogram signatures of a mixed E. carotovora (EMX) infection
and for contaminated and non-contaminated controls. (After the system
of Henis et al. 1966 p. 33)

Treatment Signaturea) for areasP) Signature for PTPAC)
EMX El3lclc uIF 1 M\B\L"A‘K D\ [EslclenriMsLakDd
Contaminated  — == —— |
control ECJIJGHILBFMKA :d ECJGHILBFMEK: ad

Non~contaminated 1
control T EceMBLEKEHA': dfi TECGMBLEKHA: df

@)peaks significantly (P = 0.05) different from one another by Duncan's test
for ordered means are not enclosed by the same bracket. Traces are given as
small letters.

Log peak areas.

Percentage of total peak areas.

TABLE lg. Comparison between chromatogram signatures for a mixed E.
carotovora (EMX) infection and for contaminated and non-contaminated

controls,

Characters Distinguishing Between Treatmentsa)

EMX Contaminated

Control
Treatment AreabP)  PTPAC) Area  PTPA
Em L] o * *
Non~-contaminated

control FHIK FHIK FHIK FHIK

a)
b)
c)

Characters which differ significantly between treatments.
Log peak area.
Percentage total peak area.

*
No factors significantly different.



REFERENCE TABLE B, Tentative identification of chromatogram peaks listed
in chromatogram signatures.

>
]

Jar Experiments (EXPT 1-3)
Methanol
Ethanal
Ethanol
2-Propanol
1-Propanal/2-Propanone
Unidentified (RT = 8,2 min)
1-Propanol
1-Butanal/2-Butanol
2«Butanone/2-Methyl-1=-Propanol
1-Butanol
Unidentified (RT = 16.0 min)
3-Hydroxy=-2~Butanone

Unidentified (RT = 18,5 min)

46
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Experiment 2: Volatile Profiles of Potato Cultivars and E. carotovora

Varieties

Disease summary. Disease development amongst the treatment replicates

was relatively uniform., There were no symptomological differences between
the E. carotovora varieties tested. Typical signs of E. carotovora infection
were apparent by day 5 of the incubation period, with pitting of the tuber
surfaces and the appearance of seepage from the inoculation points. By day
15, the tuber tissues had been completely disrupted by the disease. The
control treatments remained in good condition throughout the test.

E. carotovora bacteria were present in the bacterial seepage of all
infected samples at the end of the incubation period. Tests indicated that
none of the variety specific infections had become contaminated by the oppos-
ing variety of E. carotovora. Plating of the bacterial seepage showed that
populations of secondary microflora were relatively small in comparison to

the E. carotovora populations. Staphylococcus and various yeasts dominated

the secondary microflora.

Volatile production. In all statistical tests in this experiment, the

disease treatment X potato cultivar interactions were non-significant. Con-
sequently, only the main effect variables were analyzed in detail.

Schematic chromatograms representing the peak areas and percentages of
total peak areas (PTPA) (Figure 2a) illustrate a number of the changes that
occur in the potatoes' volatile profile during the progression of an E.
carotovora infection. Volatile output, as measured by both the number of
peaks in each day's chromatogram and the total amounts of the various com-
ponents produced, increased steadily during the progression of the disease.
In the diseased treatments (ECC and ECA), the number of peaks/chromatogram

increased steadily from an average of 3 peaks at day 1 to approximately



%
FICURE 2a. Areas and PTPA” values for chromatogram peaks at three stages
in incubation period of E. carotovora var. carotovora, E. carotovora

var. atroseptica, and control treatments.

1 .
)E, carotovora var, atroseptica

2)
E. carotovora var. carotovora

3)Control

*
Percentage of total peak areas.

Peak A = fthanal

Ethanol

= 1-Propanal/2-Propanone
= 1-Propanol
Butyraldehyde/Sec-Butanol

= ]-Butanol

= 3-Hydroxy-2-Butanone

w6 Hom o O W
I

=2

X Axis = Peaks

Y Axis = Integrator Units X 1074
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10 peaks by day 15 (Table 2a). By day 15, the total daily volatile output
for the diseased treatments had increased 36X over the levels on day 1
(Table 2b).

In many cases, the individual chromatogram peaks did not respond iden-
tically over the duration of the experiment (Figure 2a). For example, the
l-propanol/2-propanone peak (Peak C) did not appear until midway through the
disease infection. From that point onwards, output kept pace with the
general increase in volatile production. This is reflected by the relatively
stable PTPA values, By contrast, l-propanol (Peak D) was present throughout
the infection. However, its production levels did not increase significantly
over the duration of the test period. Consequently, its PTPA values generally
declined over the course of the infectiou.

The total daily volatile outputs of the diseased and control treatments
are plotted as a normal function in Figure 2b and as an exponential function
in Figure 2c. The total daily volatile output data for the disease treatments
showed a very good fit (P = 0.01) to the derived exponential regression equa-
tions (Table 2c).

The volatile profiles for the controls were clearly distinguishable
from those of the diseased treatments. Although there was considerable over-
lap in the compounds detected in the treatments' volatile profiles, several
compounds (ethanal and four unidentified compounds; RT = 6.7, 8.2, 16.0,
and 18.5 min) present at significant levels in the infected treatments could
not be detected in the controls (REFERENCE TABLE A). The number of peaks/
chromatogram in the controls did increase somewhat over the incubation period
(Table 2a). However, at each point in the incubation period, the number of
peaks in the control chromatograms was lower than for the diseased treat-
ments (Table 2a). When averaged over the entire incubation period, this

difference was significant at the 1% level (Table 2d).
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TABLE 2a. Number of peaks/chromatogram for 'Russet Burbank' (R) and 'Norland'
(N) tubers infected with E. carotovora var, carotovora (CC) and E.
carotovora var. atroseptica (CA). (Wounded control = co)

Incubation Period, Days

Treatment 1 3 5 7 9 11 13 89
RCA 2 1 6 3 9 9 10 11
NCA 1 1 2 3 6 7 8 9
RCC 4 6 8 9 10 9 10 9
NCC 4 7 8 10 9 10 10 10
RCO 0 0 0 0 0 2 2 1
NCO 1 1 1 3 5 5 5 4
CA 1.5 1.0 4.0 3,0 7.5 8.0 9,0 10.0
cc 4,0 6.5 8,0 9,5 9.5 9.5 10.0 9,5
X = Diseased 2.8 3.8 6.0 6.3 8.5 8.8 9,5 9,8
co 0.5 0.5 0.5 1.5 2.5 3.5 3.5 3.0
R 2.0 2.3 4.6 4,0 6.3 6.6 7.3 7.0
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TABLE 2b, Relative total peak areal) for 'Russet Burbank' (R) and 'Norland'

(N) tubers infected with E. carotovora var. carotovora (CC) and E.
carotovora var. atroseptica (CA). Wounded control = CO.

Incubation Period, Days

1 3 5 7 9 11 13 15
RCA 0.5 .1 1.8 13.4 11.4 30.6 35,2 51.3
NCA 0,2 .3 8 5,2 12,9 19.3 33,2 47,3
RCC 2.5 17,2 15.7 36,6 39.6 68.3 90.4 94,0
NCC 4,8 11.2 10,6 44.0 17.9 77.6 79.4  100.0
RCO .1 .1 .1 .1 .1 1.8 .1 .1
NCO .1 .1 .1 0.6 .1 10.1 8.3 11.3
%

CA 0.4 0.2 1.3 9,3 12.2 25,0 34,2 49.3
cc 3.6 14,2 8,2 40,3 28.8 73.0 84.9 97,0
X Diseased 2,0 7.2 4.3 24,8 20.5 49,0 59.6 73.1
co .1 .1 1 0.3 .1 2,8 1.6 3.1
R 1.0 5,8 5.9 16.7 17.0 33.6 41.9 48,4
N 1.7 3,9 3.8 16.6 10,3 32.3 37.5 49,1
1)’].‘otal peak area of NCC at 15 days = 100.0,

2)

Value = individual peak area/peak area of NCC at 15 days X 100.



FIGURE 2b. Daily total volatile production of 'Russet Burbank' (R) and
'Norland' (N) tubers with E. carotovora var, carotovora (CC) or

E. carotovora var, atroseptica (CA), and control treatments (CO).
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FIGURE 2c. Daily total volatile production and corresponding best-fit
regression equations for E. carotovora var. carotovora (ECC), E.
carotovora var, atroseptica (ECA) infections, and control treatments.
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TABLE 2c. Linear regression equations for the total inte-
grator responses of E. carotovora var. carotovora, E.
carotovora var, atroseptica, and control treatments.

Treatment Equation r2
2)
E. carotovora var., -
carotovora Yl) = e11°13+0°19X _go**
E. carotovora var. _ s
atroseptica Y = e/ .6240.41X .88""
Control Y = 3.67+0.51X 79%

1

)Y = Total integrator response.
2)—~

X = Incubation period (days).
*k

Significant at the 1% level.

%
Significant at the 5% level.
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TABLE 2d. Pairwise comparison of mean number of peaks/

chromatogram over the incubation period for E. carotovora

var, carotovora, E. carotovora var. atroseptica, and

control treatments.

Pairwise
comparison

Mean number
peaks/chromatogram t Value

Itz

carotovora var,
carotovora

vs

=]

carotovora var,
atroseptica

8.3

5.5

3,97°%

<]

, carotovora var.,
carotovora

Vs

Control

8.3

109

12.64%"

E. carotovora var.
atroseptica

vs

Control

5.5

1.9

6.41%F

*i
Values significantly different at

the 1% level.,
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The total daily volatile output of the controls increased by a factor
of 12X over the incubation period (Figure 2a; Table 2b). Most of this in-
crease occurred within the final 5 days of the test, unlike the steady in-
crease observed in the diseased treatments (Figure 2b). AAt every point
during the incubation period, the total volatile output of the diseased
treatments was greater than in the controls (Table 2b). Averaged over the
entire incubation period, the E. carotovora infected treatment's volatile
output was approximately 180X greater than the controls; a difference signi-
ficant at the 1% level (Table 2e).

The regression coefficient for the controls showed that the daily vola-
tile output followed an exponential production pattern (P = 0.05) (Table 2c).
Analysis of covariance showed that both the regression equation and its slope
for the controls were significantly (P = 0.0l) different from the equations
for the diseased treatments (Table 2f).

In the control treatments the production characteristics of individual
peaks or metabolites over the incubation period showed patterns similar to
those observed in the diseased treatments (Figure 2a). For some peaks
(i.e, ethanol = Peak B) the daily production levels remained relatively stable
throughout the incubation period. Alternately, l«propanal/2-propanone
(Peak C) increased at a rate proportional to the total volatile output,
yielding relatively consistent PTPA values.

The mean peak areas (LOGlO) and PTPA values for the E. carotovora infec-
ted and control treatments are presented with the corresponding chromatogram
signatures in Tables 2g and h (see TABLE B for peak identification). Table
2i summarizes the metabolites which, according to the test statistics in
Table 2g, could be used to differentiate between the E. carotovora infected

treatments and the controls. Based on average production levels, ethanal,



TABLE 2e¢. Pairwise comparisons of means of total peak areasl)
averaged over the incubation period for E. carotovora var,
carotovora, E. carotovora var. atroseptica, and control

treatments.

Pairwise Mean total
comparison integrator responses

t Value

| =t

carotovora var.
carotovora 5.695

vs

E. carotovora var.
atroseptica 5.349

c

4,798"

E. carotovora var.
carotovora - 5.695

vs

Control 3.417

29.974%*

E. carotovora var.
atroseptica 5.349

\'2:

Control

25,422%%

**yalues significantly different at the 1% level.

1)Log of sum of all individual peak areas.
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TABLE 2f. Analysis of covariance for the linear regression equations

calculated for the total integrator responses1

var. carotovora, E. carotovora var, atroseptica, and control

treatments.

Pairwise
comparison

F Test for slopes

F Test for similarity
between lines

E. carotovora var.,
carotovora

vs

Control

17.12%%

781.39%%

E. carotovora var,

atroseptica

vs

Control

17.62°

62.,72%%

E. carotovora var,
carotovora

vs

E. carotovora var.

atroseptica

10.73%*

19,35%%

Fk
Differences significant at the 1% level.

D

Ln of integrator units.

of the E. carotovora
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TABLE 2g.

Areas of chromato
control and B) 'Russet Burbank' versus

gram peaks averaged over the incubation period for; A) the pooled E,

'Norland' potatoes.

carotovora varieties versus

1-Propanal/ RT = 1-Butanal/ 3-Hydroxy~ RT =
Ethanal Ethanol 2-Propanone 8.2 min 1-Propanol 2-Butanol 1-Butanol 2«Butanone 18,5 min
Areal) PTPAZ) Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA
A
Diseased 3.03 1.59 4,36 15.99 5,23 39.14 0.41 0.06 3.84 1.97 4,24 6,07 3,83 2.38 1.64 0.31 2,42 0,96
Control T T 3.40 1.91 4,37 18,41 T T 1.60 0,41 3.85 4.85 3,34 1.91 T T T T
Pr > F 0.01* 0.06 0.0A* 0.12 0.01* 0.06 0.24 0,09 0.01* 0.13 0.38 0.71 0.29 0.8 0,21 0.42 0.06 0.21
B
‘Russet
Burbank' 2,78 1.41 4,20 13.84 4,96 36,72 T T 3.19 1.95 4,10 4,54 3.90 3.54 1.80 0.22 2,37 0.80
*Norland' 2,23 1,22 4,17 12,94 5.17 33.76 0.66 0.76 3,65 1,46 4,22 6.94 3.60 1.26 0,96 0.27 1.68 0.77
Pr> F 0.16  0.19 0.46 0.76 0.68 0.78 0.01* 0.01¥ 0.23 0.59 0.05* 0.01% 0.19 0.05* 0.31 0.75 0.01* 0.41

*Differences significant at the 5% level.

T = Trace

1)Total area (Log of integrator units).

2)Percentage of total peak areas.

9
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TABLE 2h. Chromatogram signatures of 1)§, carotovora var, carotovora (ECC),
E. carotovora var. atroseptica (ECA), and control treatments 2) "Norland'

—

and 'Russet Burbank' potatoes.

Treatment Signaturea) for areasb) Signature for PTPAC)
Dkce ElcE3cIsMLD: afk ECHIJGIBMLD : afk
ECA ETclc 1 I B LM afik ECclcEJIDBLM: afik
e ~‘ e e T
co ETilc 7 A FlG KD : bilm EHCJAF GKD : bilm
) \Norland' E'H clg J é D é ML F\K A ElHCGCJIJBDIMLFEKA

[ e PR B : R
EcmﬁcwﬁLUﬂA:ﬂ ECHﬂGBMLUIA:ﬂ

'Russet Burbank'

a)Peaks significantly (P = 0.05) different from one another by Duncan's test
for ordered means are not enclosed by the same bracket. Traces are given as

small letters.
b)Log peak area.

C)Percentage of total peak areas,
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TABLE 2i. Comparison between chromatogram signatures for 1>§. carotovora var,
carotovora (ECC), E., carotovora var. atroseptica (ECA), and control treat-
ments 2) 'Norland' and 'Russet Burbank' potatoes.

1) Characters Distinguishing Between Treatments?)
ECA ECC ECA + ECC

Treatment Areab) PTPAC) Area PTPA Area PTPA
ECA L ] . L] . - -
ECC HIJM DHIM o . . .
Cco BEGM * BCEGHIJM BCHIM BCEGM *
2) '"Norland'

Treatment Area PTPA
'Russet Burbank' FHEM FHI

a)Chal:'ac:t:ers which differ significantly between the treatments.

Log peak area.

Percentage of total peak areas.

%
No characteristics significantly different.
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ethanol, l-propanal/2-propanone, 1-propanol, and the unidentified compound
M could be used to differentiate between the diseased and control treatments.
In all cases, the differentiation was based on greater outputs by the diseased

treatments. No significant PTPA differences were found for the treatments,

Differentiation between E. carotovora varieties. Generally, there were

no appreciable differences in the volatile production patterns of the two

E. carotovora varieties over the incubation period (Figure 2a). However,

the ECC treatments appeared to produce elevated volatile levels earlier in
the test period than ECA (Figure 2c).

The quantitative differences between the total volatile outputs of the
E. carotovora varieties were substantial. At all points during the incubation
period, the total volatile outputs for ECC were higher than ECA (Table 2b).
Averaged over the entire test period, the daily volatile output for ECC was
roughly double that of ECA, a difference significant at the 1% level (Table
2e).

The total daily volatile outputs for the two E. carotovora varieties
followed an exponential pattern of increase over the incubation period (Figure
2¢) (Table 2c¢). Covariant analysis of the regression equations showed that
both the regression equation and its slope for ECA were significantly (P =
0.01) different from those for ECC (Table 2f).

All recorded chromatogram peaks were common to the profiles of both
E. carotovora varieties (TABLE A). However, the number of peaks/chromatogram
averaged over the incubation period was significantly (P = 0,01) higher in
the ECC treatments (Table 2d).

The peak areas (LOGjpy) and PTPA values, averaged over the entire incuba-
tion period, for the major peaks in the chromatograms of the two E. carotovora

varieties are listed in Table 2j. The disease variety X potato cultivar



TABLE 2j. Areas of chromatogram peaks averaged over the incubation period for E. carotovora var,

atroseptica, E. carotovora
var, carotovora, and control treatments.
1-Propanal/ 1-Butanal/ 3-Hydroxy-
Ethanal Ethanol 2-Propanone RT = 8.2 min -Propanol 2-Butanol 1 -Butanol 2-Butanone RT = 18.5 min
Axeal) PTPAZ) Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA
E. carotovora

—

carotovora 2.65 a* 2.39 a 4,67 a 22,96 a 5,37 a 43,53 a 1.97a 2,29a 3.99a 191 a 4.66a 8.78a 4.17a 3,43a 2.06a 0,26a 3.53a 1.71a
E. carotovora
atroseptica 2.25a 0.60 b 3,96 ab 7,30 ab 5.05 a 35.64 a T a T a 3.67a 2.03a 3,70 b 2.69 b 3.40 b 1,07 a

1.09a 0.37a 1,04 b 0.01 b
Control T b T b 3.40 b 1,91 b 4.37 b 18,41 a T

a T a 1.60 b 0.41a 3.8 b 4.85 b 3.34 b 1.91a T a T a T ¢ T b

*values within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test
of ordered means.

T = Trace.

1)

Total area (Log of integrator unita).

2)Percentage of total peak areas.

99
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interaction was non-significant for the areas and PTPA values of all the
chromatogram peaks. Consequently, the cultivars were pooled in the analysis
of the disease varieties. Table 2h contains the chromatogram signatures
that were developed for the mean production and PTPA values for the E.
carotovora varieties (see REFERENCE TABLE B for peak identification). The
peaks which could be used to differentiate between the disease varieties

are summarized in Table 2i. Based upon average production levels, several
compounds (l-butanal/2-butanol, 2-butanone/2-methyl-1-propanol, l-butanol,
and compound M) could be used to differentiate between the disease varieties
in this test. In all cases the diagnostic difference was based on greater
compound production by the ECC treatment. The PTPA values for ethanal,
1-butanal/2-butanol, l-butanol, andycompound M were different for the
disease varieties. The differences in all cases were due to the greater
significance of the various compounds in the ECC chromatograms.

Table 2i lists the metabolites which could be used to differentiate
between each of the E., carotovora varieties and the control treatments in
this experiment. The diagnostic differences for ECC vs CO could be obtained
by adding the diagnostic differences for ECA vs CO to the diagnostic
differences for ECC vs ECA. The differences for the average production
levels and the PTPA values, were, in all cases, due to greater total and

relative outputs of the major volatile compounds by the disease varieties.

Differentiation between potato cultivars. There were no consistent

differences in the patterns of total volatile output for the 'Russet Burbank'
(R) and 'Norland' (N) tubers (Figure 2b).
Averaged over the incubation period, there was no significant (P = 0.05)

difference in the total volatile outputs of the potato cultivars (Appendix

2a).
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All recorded chromatogram peaks were common to the profiles of both
cultivars (REFERENCE TABLE A). There were no consistent differences in
the number of peaks/chromatogram for the cultivars (Table 2b) nor was the
average number of peaks/chromatogram significantly (P = 0.05) different
for the cultivars (Appendix 2b).

The mean areas (LOGIO) and PTPA values of the potato cultivars are pre-
sented, along with the corresponding chromatogram signatures, in Tables 2g
and h (see REFERENCE TABLE B for peak identification). The metabolites,
which might be used to differentiate between the 'Norland' and the 'Russet
Burbank' tubers on the basis of either average peak area or PTPA values
are summarized in Table 2i. Based upon average compound production levels,
the compound F ('Norland' (N) significantly greater (» ) than 'Russet
Burbank' (R)), l-butanal/2-butanol (N>R), and compound M (R» N) could be
used to differentiate between the potato cultivars. The PTPA values for
compound F (N)R) l1-butanal/2-butanol (NY»R), and l-butanol (R >N) were

significantly different for the potato cultivars.
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Experiment 3: Volatile Profiles of Different Varieties of E. carotovora

Disease summary. Three of the four control treatments (two 'Russet

Burbank' and one 'Norland') began to decay within 3 to 4 days of the beginn-

ing of the experiment. E. carotovora var. atroseptica bacteria were isolated

from all three of the infected controls at the end of the experiment. The
control treatments were subsequently omitted from the disease analysis.
Disease development amongst the infected treatments did not appear to be uni-
form. The RCC treatments showed no disease symptoms (visual or volatile out-
put) until day 15. There were also obvious differences between the repli-
cates for the other treatments.

At the termination of the experiment plating of the bacterial seepage
indicated that viable E. carotovora bacteria were present in all disease
treated samples. Although no systematic population evaluations were con-
ducted, there appeared to be considerable differences in the pathogen popula-
tion levels between the treatments and the replicates within treatments.
Tests indicated that the variety specific E. carotovora infections had not
become appreciably contaminated by the opposing variety. Plating of the
bacterial seepage indicated that populations of secondary organisms were mini-

mal in comparison with the E. carotovora population. Staphylococcus,

Clostridium, and yeast were jdentified as the predominant secondary micro-

flora.

Volatile production. In all statistical tests, the disease treatment

X potato cultivar interactions were found to be non-significant and conse-
quently were not considered in any detailed analyses.
The daily total volatile production levels for the two cultivars of

potato inoculated with ECC and ECA are plotted in Figure 3a. In the RCA,



FIGURE 3a. Daily total volatile production for two cultivars of potato
inoculated with E. carotovora var, carotovora and E. carotovora

var, atroseptica.
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NCA, and NCC treatments, daily volatile output increased steadily until day

15, at which time production stabilized. On the average, the volatile out-

put of thesé treatments increased by a factor of‘280X over the test period.

The RCC treatment output levels were higher than for the other treatments
during the early stages of the test. However, the volatile levels in the

RCC treatment did not show the same degree of increase as occurred in the other
treatments. The total volatile output of the RCC treatment only increased

by 20% over the incubation period (Table 3a).

The mean daily total volatile production levels for the ECC and ECA
treatments were plotted as an exponential function in Figure 3b, along with
the corresponding best-fit regression lines.

The significance of the ¢2 values indicated that the total daily vola-
tile outputs increased in an exponential manner over the test period (Table
3b).

The average number of peaks/chromatogram increased as the diseases

developed (Table 3c), although the treatment responses differed considerably.

Differentiation between E. carotovora varieties. Differentiation

between the disease varieties was complicated by the variability introduced

by the slow development of the RCC treatment. The pattern for disease
development when 'Norland' tubers were inoculated was similar for the disease
varieties (Figure 3a). The disease response of 'Russet Burbank' tubers ino-
culated with ECA was similar to the output pattern of both disease varieties
on 'Norland' potatoes. Due to the influence of the RCC treatment, the ECA
output levels were consistently greater than those for ECC (Table 3a).
Averaged over the entire incubation period, the mean total volatile output

of the ECA treatments was approximately 7X greater than the ECC treatments.

However, due to experimental variability this difference was not significant



TARLE 3a.

73

Relative total peak areas for 'Russet Burbank' (R) and 'Norland' (M)

tubers inoculated with E. carotovora var. carotovora (ECC) and E.
carotovora var. atroseptica (ECA),

Incubation Period, Days

Treatment 1 3 5 7 9 11 13 15 17 19
%

RCA 0.1 .1 1.0 0.8 1.1 2.1 8.1 22.0 26.1 33.4
RCC 0.5 0.5 0.8 0.4 0.7 0.7 1.2 1.2 1.9 5.8
NCA 0.1 2.1 4.1 31.1 61l.6 51.3 90,1 100.0 85.2 93.4
NCC 0.1 0.1 0.1 0.1 18.4 24.3 54.4 28.2 56.6 55.4
X CcA 0.1 1.1 2.6 16,0 31.4 27.0 49,1 61.0 55.6 63.4
X CcC 0.3 0.3 0.4 0.2 9.6 12.5 27.8 14.7 29.2 30.6
R 0.3 0.3 0.9 0.6 0.9 1.4 5.1 11.6 14.0 19.6
N 0.1 1.1 2.1 15.6 40,0 32.8 72.2 64.1 70.9 T4.4

1)'].‘otal peak area of NCA at day 15 = 100.0.

Value =

peak area/peak area of NCA at day 15 x 100.



FIGURE 3b. Daily total volatile production for E. carotovora var. carotovora
and E, carotovora var, atroseptica.
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TABLE 3b. Linear regression equations for the daily total
integrator responses of E. carotovord var. carotovora

and E. carotovora var, atrosegtica treatments.

Treatment Equation

E. carotovora var.
carotovora

X2)
¢1) = ¢7.38+0.37X

E, carotovora var, -
-. A—————————— *
atroseptica Y = e7'85+0‘46x

1)Y = Total integrator response (integrator units).

2)—
)X Incubation period (days).

*
Significant at the 5% level.

TABLE 3c. Mean number of peaks/chromatogram for 'Russet Burbank' (R) and
"Norland' (N) tubers inoculated with E. carotovora var, atroseptica

(CA) and E. carotovora var, carotovora (CC).

76

Incubation Period, Days

Treatment 1 3 5 7 9 11 13 15 17 19
RCA 1 1 1 1 5 6 7 8 10 11
RCC 3 2 5 1 6 2 4 3 4 11
NCA 1 1 4 6 11 11 11 11 10 11
NCC 1 1 1 1 3 2 5 5 6 6
X cA 1.0 1.0 4.0 3.5 8.0 8.5 9.0 9,5 10.0 11.0
X cC 2.0 1.5 3.0 1.0 4.5 2.0 4.5 4.0 5.0 8.5
XR 2.0 1.5 4.5 1.0 5.5 4,0 5.5 5.5 7.0 11.0
XN 1.0 1.0 2.5 3.5 7.0 6.5 8.0 8.0 8.0 8.5
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at the 5% level (Appendix 3a). The disease X cultivar interaction was found
to be non-significant despite the minimal response of the RCC treatment.

Covariant analysis of the regression equation derived for the mean daily
total peak areas showed no significant difference (P = 0.05) in the slopes
or the general regression equations for the two E. carotovora varieties
(Table 3d).

All recorded chromatogram peaks were common to both E. carotovora varie-
ties (REFERENCE TABLE A), The number of peaks/chromatogram on a given day
was consistently lower in the ECC treatments (Table 3¢), however, the number
of peaks/chromatogram when averaged over the incubation period was not signi=-
ficantly different (P = 0.05) (Appendix 3b).

The mean areas (LOGlO) and PTPA values, averaged over the incubation
period, for the major peaks in the disease variety chromatograms are pre-
sented in Table 3e. Table 3f contains the chromatogram signatures that were
developed for the peak areas and PTPA values (see REFERENCE TABLE B for peak
identification). The metabolites which, according to the test statistics
in Table 3e, could potentially be used to differentiate between the
E. carotovora'varieties' volatile profiles are sunmarized in Table 3g. On
the basis of average compound production levels, ethanol (ECA » ECC), l-propanal/
2-propanone (ECA>ECC), and the unidentified compound K (ECC »ECA) could be
used to differentiate between the E. carotovora varieties. The PTPA values
for l-propanal/2-propanone (ECA)ECC) differed significantly for the two

E. carotovora varieties.

Differentiation between potato cultivars. Analysis of cultivar diffe-

rences was also complicated by the minimal disease response of the RCC treat-
ment. The total daily volatile production levels indicated that both varie-

ties of E. carotovora developed more slowly in the 'Russet Burbank' tubers

(Figure 3a) (Table 3a). Although the mean relative peak areas for the 'Russet



TABLE 3d. Analysis of covariance for the linear regression equations
calculated for the daily total responses1 of E. carotovora var.
carotovora and E. carotovora var. atroseptica treatments.

Pairwise F Test for similarity
comparison F Test for slope between lines

E, carotovora var.
carotovora

vs 0.45N-5. 3,82N.8.

=

carotovora var,

atroseptica

N'S'Difference not significant at the 5% level.

1)

Ln of integrator units.
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TABLE Je. Areas of chromatogram pesks averaged over the incubation period for two cultivars of potato inoculated vith.
E. carotovors var, carotovora (ECC) and E, carotovors var, atroseptica (ECA).

3-~Hydroxy-
1-Propanal/ 1-Butanal/ R . -
Lthanal Ethanol 2-Propanone RT = 8.2 min 1-Propanol 2-Butanol 1-Butanol 2-Butanone RT = 18.5 min
Areal) P1PAZ)  Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA  Area pTPA Area PTPA
ECC 1.67 a® 0,60 a 1.42 b 2,26a 1,42 b 0,86 b 0.73a 0.41a 1,90 a 1.46 a 0,53 2 1.58 a 2,06 a 5,99 a 1,00a 0.78a 0.77 a 5.15 a
ECA 3,32a 1.52a 4.39a 13,98 a 4,61 a 32,02 a 2,85a 1.02a 2.98a 1.66 a 2.90 a 0.03a 4,49 a 11.87a 2.79a 0.30a 2,11 a 11,40 8
‘Russet

Burbank' 1,47 a 1,00a 2.8l a 5.0l a 2,76 a 3.60 a 0.96a 0.55a 0.9%a 0,32a 0.71a 1403a 1.96 a 3.00 a T a T a 2.0la 8.22a
'Norland' 3.06 a 0.98 a 2.60 a 8.96 a 2,81 a 22,18 a 2,14 a 0.76 & 3,43 a 2.47 a 2,17 a 0.39 a 3.97 a 12.64 a 3.15 a 1.86 a 0.84 a 0.04 a

*values within columns followed by the same letter are not significantly (P = 0,05) different by Duncan's test of
ordered means.
T = Trace.

l)I..og of integrator areas,

2)Percentage of total peak areas.

6L
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TABLE 3f. Chromatogram signatures of l)g, carotovora var, carotovora (ECC) and
E. carotovora var. atroseptica (ECA) and Z) "Norland' and 'Russet Burbank'

potatoes.
Treatment Signaturea) for areasb) Signature for PTPAC)
dEce 3 IGBRKECLDMFA :h I IGBKECLDMFA:n
ECA EJCBGHLFIMD: ak Bl CBGHLF IMD : ak
_ :
2) 'Norland' f cLes1ECcHFDMAK FGLBIECHF DM
'Russet Burbank' [ECJKMBIDGHTFL : a ECcCIKMBIDGHFL: a

a)Peaks significantly (P = 0.05) different from one another by Duncan's test
for ordered means are not enclosed by the same bracket. Traces are given as
small letters.

b)
c)

Log peak area.

Percentage of total peak area.
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TABLE 3g. Comparison between chromatogram signatures for 1)E.
carotovora var, carotovora (ECC) and E. carotovora var,

atroseptica (ECA) and Z) "Norland' and 'Russet Burbank'

potatoes.
Characters Distinguishing Between Treatmentsd)
ECA

Areab) PTPAC)

ECC CEK E
'Norland'

Areé PTPA

'Russet Burbank' * C ok

a

)Characters which differ significantly between the treatments.
b)Log peak area.

c)Percent:atge of total peak area.

*
No characters significantly different.
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Burbank' tubers were consistently well below those for 'Norland' (Table 3a),
there was no significant (P = 0.05) difference between the two cultivars when
the total volatile outputs were averaged over the entire incubation period
(Appendix 3a).

All recorded chromatogram peaks were common to the volatile profiles of
both potato cultivars (REFERENCE TABLE A). There were no consistent
differences in the chromatogram complexity of the cultivars (Table 3c),
nor was the average number of peaks/chromatogram significantly different
(P = 0.05) for the potato cultivars (Appendix 3b).

The mean areas (LOGlO) and PTPA values of the two potato cultivars are
presented, along with the corresponding chromatogram signatures in Tables
3e and f (see REFERENCE TABLE B for“peak identification)., The cultivars
could not be differentiated on the basis of either the mean area or the PTPA

values of any of the volatiles identified in this experiment.
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Experiment 4: Volatile Profiles of Diseased and Healthy Tubers

Disease summary. The soft-rot infection appeared to develop in a uni-

form manner within the replicates of the E. carotovora inoculated treatment
(EMX). By day 3 there was obvious pitting of the tuber surfaces and the
beginning of seepage from the inoculation points. By day 6, tuber breakdown
had progressed to the point where seepage prevented further sampling. The
individual tubers within each bag tended to decay at approximately the same
rate. The controls (CO) remained sound throughout the incubation period.
Tests at the end of the experiment showed that, in all disease replicates,
both varieties of E. carotovora were present in the bacterial seepage. Popu-
lations of secondary microorganisms were minimal in comparison to the E,
carotovora populations. Yeasts were the dominant organisms in the secondary

microflora.

Volatile production. The schematic chromatograms representing peak

areas and percentages of total peak area (PTPA) (Figure 4a, top section)
illustrate a number of the changes that occurred in the potatoes' volatile
profiles during the progression of an E. carotovora infection. Volatile out-
put, as measured by both the number of peaks in each days' chromatogram (Table
4a) and the total amounts of the various components produced, increased very
rapidly during the progression of the disease (Figure &4a). Over the 5 day
incubation period, the total daily volatile outputs for the EMX treatments

increase 66X over the volatile production levels on day 1 (Table 4b).

The peaks identified in the chromatograms are listed in REFERENCE TABLE C.

many cases, the individual metabolites did not respond identically over the
duration of the experiment. For example, ethanol (Peak C) appeared at rela-
tively minor levels in the early chromatograms. In the subsequent chromato-

grams, ethanol became the predominant peak. Its output levels kept pace

In



FIGURE 4a, Areas and PTPA™ values for chromatogram peaks at three stages
of a mixed E. carotovora infection.

*
Percentage of total peak areas.

Peak A = Methanol

B = Ethanal
C = Ethanol
D=7

E = 1-Propanol
F = l-Butanal/2-Butanol/2-Butanone/2-Methyl=-1-Propanol (C-4 Compounds)
G = 1-Butanol
H=7
I = 3-Hydroxy=-2-Butanone
J =2
Y Axis = Peak areas

X Axis = Chromatogram peaks
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TABLE 4a, Number of peaks/chromatogram for a mixed

E. carotovora

infection,

Incubation Period (Days)

1 2 3 4 5
E. carotovora 14 14 15 16 16
Control 10 6 8 9 11

TABLE 4b, Relative total peak areasl) for a mixed E. carotovora

infection,

Incubation Period (Days)

1 2 3 4 5

%
E. carotovora 1.22) 1.4 5.0 49.7 100.0
Control 0.9 1.4 4.1 10.0 10.1

1)Total peak area of E. carotovora at 5 days = 100.0%.

)Values = peak area/peak area E. carotovora day 5.
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with the general increase in volatile production as reflected by the rela-
tively stable PTPA values. By contrast, the C4 compounds (Peak F) were
present throughout the infection, however, their production levels did not
increase significantly over the duration of the test period. Concequently,
the PTPA values for peak F declined to trace amounts.

The daily volatile outputs of the EMX treatments, when plotted as an
exponential function (Figure 4b), showed a very good fit (P = 0.01) to the
exponential regression equation (Table 4e),

The volatile profiles for the control treatments (CO) were clearly
distinguishable from those of the diseased treatments (Figure 4a). Although
there was a considerable overlap in the compounds detected in the treatments’
volatile profiles, several compoundé (i.e., 2-propanocl, l1-propanal/2-propanone,
1-propanol, and two unidentified compounads with retention times of 7.1
and 14.1 min) present at significant levels in the EMX treatments could
not be detected in the controls (REFERENCE TABLE C).

At all stages during the incubation period, the number of peaks/
chromatogram for the control treatments was consistently lower than for the
EMX treatments (Table 4a). When averaged over the entire incubation period,
this difference was significant at the 1% level (Table 44d).

The total daily volatile output of the controls increased by a factor
of 9X over the incubation period (Figure 4b; Table 4b). At most points, the
total volatile output of the diseased treatments was greater than in the
controls (Table 4b). Averaged over the entire test period, the EMX treat-
ments' volatile output was approximately 8X greater than that of the control;
a difference significant at the 1% level (Table 4e).

The r2 value for the regression equation derived for the daily volatile
output of the control treatment indicates that the data followed an exponen-

tial production pattern (P = 0.01) over the incubation period (Table 4e).



REFERENCE TABLE C. Volatile peaks occurring in bag experiments (4-10).

=]
o
e
8 5.5 u-é 'g
2 E Compound E. carotovora E. carotovora as 2
e identity var. carotovora var. atroseptica sepedonicum 5‘3 g
2.5 Methanol * % . .
3.1 Ethanal * % * %
4.4 Ethanol % % N .
5.9 2-Propanol % * « .
6.5 1-Propanal/
2-Propanone * * % *
7.1 ? * * %* *
8.1 1-Propanol * * * *
2-Butanol/
9.5-10.1 2-Butanone 2 %
1-Butanal * *
2-Methyl-1-Propanol
11.8 1-Butanol %* " . .
12. 7 ? 7% * * *
14,1 ? * g " N
14.6 3-Hydroxy-2-Butanone ¥ ¥ * *
15.6 ? . A
16.3 ? * % N .
17.8 ? % * N N

% = Detected in treatment.
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FIGURE 4b, Daily total volatile production and corresponding best-fit lines
for a mixed E. carotovora infection and control treatments.
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TABLE 4c, Linear regression equations for the
daily total integrator responses of a mixed
E. carotovora (EMX) infection,

Treatment Equation r2
EMK gl) = ¢9.66+1.24%2) _g5**
Control Y = 610‘57+0'65§ L76%*F
1)Y = Total integrator response (integrator units).
2)§'= Incubation period (days).

Kk

Significant at the 1% level.

TABLE 4d. Pairwise comparison of mean numbers of
peaks/chromatogram averaged over the incubation
period for a mixed E. carotovora (EMX) infection.

Pairwise Mean number
comparison peaks/chromatogram t Value
EMX 10.61 .
+ 4,64%*
Control 6.34
*

*
Significant at the 1% level,
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TABLE 4e. Comparison of means of total peak areasl)
averaged over the incubation period for a mixed
E. carotovora (EMX) infection.

Pairwise Mean total

comparison integrator response t Value
EMX 6.322
vs 7.68**
Control 5.439

*k
Values significantly different at the 1% level.

l)Log of sum of all individual peak areas.
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Analysis of covariance tests indicated that both the regression equation and
its slope for the controls were significantly (P = 0.01) different from the
equation for the EMX treatment (Table 4f).

The mean peak areas (LOGlO) and PTPA values for the major peaks in the
chromatograms of the EMX infected and control treatments are listed in Table
4g, with the corresponding chromatogram signatures listed in Table 4h
(peaks identified in REFERENCE TABLE D). Table 4i summarizes the metabolites
which, according to the test statistics in Table 4g, could potentially be
used to differentiate between the volatile profiles of the E. carotovora
infected treatments and the controls. Based on average production levels,

a number of metabolites (ethanol, compound D, l-propanol, the C~4 compounds,
and compound H) could be used to differentiate between diseased and control
treatments. In all cases, the difference was due to greater volatile
production by the EMX infected treatment. No significant differences were

found in the PTPA values of the EMX and control treatments.



TABLE 4f, Analysis of covariance for the linear regression
equations calculated for the daily total integrator
responsesl) of a mixed E. carotovora (EMX) infection.

Pairwise F Test for similarity
comparison F Test for slopes between lines

EMX .
+ , 12.25%% 9,94*%

Control

wok
Difference significant at the 1% level.

1) . .
Ln of integrator units.
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TABLE 4g. Areas of chromatograph peaks averaged over the incubation period for a mixed E. carotovora infection.

RT = RT = 3~Hydroxy- RT =
Methanol Zthanal Ethanol 7.1 min 1-Propanol C-4 pks 1«Butanol 12,7 min 2-Butanone 17.8 min

areal) Prea?)  Area PTPA Area PTPA  Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA  Area PTPA

E. carotovora 4.50 3.53 1.05 0.06 5.78 37.65 4,55 2.51 3.27 0,01 3.68 1.46 4,60 2.09 5.28 11,1t 3,29 2,11 4.83 8,57

Control 1,77 11,17 T T 4,43 44,50 3,03 0.50 T T T T 2.85 0.17 4,44 6.50 3,39 1.50 4,69 8.33
Pr>F, 0.30 0.30 - - 0.02* 0.36 0.03% 0.34 - - - - 0.01* 0.29 0.01* 0.10 0.96 0.75 0.75 0.9
T = Trace

1)Total area (Log of integrator units).

2 Percentage of total peak areas.
Difference significant at the S% level.

G6



REFERENCE TABLE D, Tentative identification of chromatogram peaks listed in
chromatogram signatures.

Bag Experiments (EXPT 4-10)

A = Methanol

B = Ethanal

C = Ethanol

D = Unidentified (RT = 7.1 min)
E =1 -Propanol

F = C,-Compounds

G = l-Butanol

H = Unidentified (RT = 12.7 min)
I = 3-Hydroxy=2-Butanone

J = Unidentified (RT = 16.3 min)
K = Unidentified (RT = 17.8 min)
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TABLE 4h., Chromatogram signatures for a mixed E. carotovora infection and
non-infected control treatment.

Treatment Signaturea) for areasP) Signature for PTPAC)
e e .."~_\‘ e

E. carotovora Chlk 6'p A FEB T CHK/GDAFIEBUJ
Control KCHIDGAETF : bj CAKHIDEGF : bj
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Peak significantly (P = 0.05) different from one another by Duncan's
test for ordered means are not enclosed by the same bracket. Traces
are given as small letters.

Log peak areas.

C)Percentage of total peak areas.

TABLE 4i, Comparisons between the chromatogram signatures for a
mixed E. carotovora infection and non-infected control
treatments.

Characters Distinguishing Between Treatments?d)

E. carotovora

Areab) PTPAC)

Control CDEFH *

a)
Characters which differ significantly between the treatments,

b)

Log peak areas.

Percentage of total peak areas.
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Experiment 5: Volatile Profiles of Different Varieties of E. carotovora.

Disease summary. Both times that this experiment was run, contamination

of the control treatments was a constant problem. In Trial 1, E. carotovora
var. atroseptica bacteria caused the decay of one of the wounded controls

(CO) and one of the non-wounded controls (CX). 1In Trial 2, both non-wounded
controls and one of the wounded controls were found to have been infected
with E. carotovora var. carotovora and E. carotovora var. atroseptica. The
non-wounded treatment in Trial 2 was subsequently dropped from the experimen-
tal analysis. 1In both trials, the data from the remaining contaminated treat-
ments was included in the experimental analysis.

In the E. carotovora inoculated treatments, disease development within
the experimental replicates was relatively uniform. 1In both trials, the
degree of tuber decay by day 5 of the incubation period was sufficient to
interfere with any further volatile sampling.

E. carotovora bacteria were present in the bacterial seepage of all
infected treatments at the end of the incubation period. Tests indicated
that one of the ECC treatments had become contaminated with ECA bacteria in
Trial 2. This replicate was dropped from the experimental analysis.

In both trials, populations of secondary microflora in the bacterial
seepage were relatively small in comparison to the E. carotovora populations.

In Trial 1, yeast, E. coli, and Staphylococcus dominated the secondary micro-

flora. In Trial 2, only yeasts were found in appreciable numbers.

Volatile production. The daily total volatile outputs of the experimen-

’
tal treatments are plotted as an exponential function in Figure 5a, along
with the corresponding best-fit regression lines. In Trial 1, the daily total

volatile output data of the ECC (P = 0.01), CO (P = 0.01), and CX (P = 0.05)



FIGURE 5a, Daily total volatile production and corresponding best-fit
regression lines for E. carotovora varieties (ECA and ECC), wounded
control (CO), and non-wounded controls (CX),
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treatments fit the exponential regression equations given in Table 5a. The
ECA data did not show a significant (P = 0.05) degree of fit to the regre-
ssion equation, primarily due to the unusually high volatile outputs recor-
ded on day 1. 1In Trial 2, the volatile production data.for both the ECC and
ECA treatments showed a very good fit (P = 0.01) to the derived regression
equations. The CO data did not show a significant degree of fit (P = 0.05)
to the regression equation primarily due to the variance introduced by the
E. carotovora contamination of one of the treatments.

In Trial 1, the total volatile outputs of the disease treatments did not
develop similarly over the duration of the test period. In the ECC treatment,
the total volatile production increased steadily, with the final output being
33 times greater than the levels on day 1. 1In the ECA treatment, volatile
levels on day 1 were unusually high. The final volatile production level was
similar to that recorded for the more pypical ECC treatment (Figure 5a). The
uncontaminated replicate of the CO treatment had a relatively stable low level
of volatile production over the incubation period, The infected replicate had
a volatile production pattern that closely resembled the inoculated treat-
ments. In the non-wounded control, the data presented in Figure 5a is again
an average for one healthy and one E. carotovora contaminated replicate.

In Trial 2, the volatile outputs of the disease treatments were very
similar. In both ECC and ECA, total volatile production increased steadily
over the test period. The initial and final outputs of the disease treat-
ments were very similar as was the degree of increase in volatile production
over the incubation period (approximate}y 15 times). In the wounded control,

volatile production was erratic due to the E. carotovora contamination.

Differentiation between disease treatments. Table 5b contains the test

statistics for the covariant analyses of the total volatile production



TABLE 5a.

wounded (CX) controls,
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Linear regression equations for the daily total integrator responses
of the E. carotovora varieties (ECA and ECC), wounded (CO), and non-

Trial 1 Trial 2
Treatment Equation r2 Equation r
_"2 —
ECA ¢1) o o13.1240.31X%) 4 (N, v = o12.0640.96X o gp**
ECC ¢y = ol0.60+1.00X 0.68%* y = ol2.3840.88X o go¥
co ¥ o9 - 41+1. 46X 0.87%* y = ol1.4040.58X  ( 1gN.S.
CX Y e8-67+1006x 0061* NA
1, _ . . .
Y = Total integrator response (integrator units).

2)%

il

Incubation period (days).

**Significant at the 1% level.

*
Significant at the 5% level.

N.S

*®*Not significant at the 5% level.



TABLE 5b. Analysis of covariance for the linear r
lated for the daily total integrator responses

1

103

e§ression equations calcu-
of the E. carotovora

varieties (ECA and ECC), wounded (CO), and non-wounded (CX) controls in

two experimental trials.

Trial 1 Trial 2
Pairwise F Test for F Test for F Test for F Test for
comparisons slopes similarity of slopes similarity of
lines lines

ECA
vs 28.13"" 0.99N-S. 0.89N:5- 1.16% 8-
ECC
ECA
vs 5.06% 1.91N-5 1.06"" S 28.,86%%
co
ECC
vs 2.97N.5. 0.88N-S. 1.62N:8. 27.69%%
Cco
ECA
vs 2.35N.S. 18.21%* NA NA
cX
ECC Sk Tk
vs 10.65 39.99 NA NA
CX
co Kk
vs 0.90N-S. 13.88 NA NA
CX

1

Ln of integrator units.

*
* Difference significant at the 1% level.

*
Difference significant at the 5% level.

N.S. . . e o
Difference not significant at the 5% level.
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regression equations derived for the experimental treatments. In Trial 1,
comparisons of the treatments were complicated by the contamination of the
control treatments and by the erratic volatile production levels of the ECA
treatment. The regression equations for the ECC and ECA treatments were
similar to those for the wounded control treatments. The ECA treatment could
be differentiated from the wounded controls on the basis of the regression
equation slopes (P = 0.05) and from the non-wounded control on the basis of
the overall regression equation (P = 0.01). The ECC regression equation
could not be differentiated from the wounded control (P = 0.05), but both the
regression equations and their slopes (P = 0.01) were significantly different
when the ECC treatment was compared with the non-wounded control (CX). The
regression equation for the Cco treafment was significantly (P = 0.01) diffe-

rent from the CX equation, however, the slopes were not distinguishable (P =
0.05).

In Trial 2, the regression equations for both disease treatments were
significantly (P = 0.01) different from the equation for the CO treatment,

however, the slopes were found te be similar (P = 0.05),

In Trial 1, the average daily volatile output of the diseased treatments
(ECC and ECA) was approximately three times greater than the CO treatments
(Table 5c). However, this difference was not significant at the 5% level.
The diseased treatments produced, on average, seven times the volatile output
of the CX treatments; in both cases this difference was significant at the 1%
level. The average volatile output of the CO treatment was not significantly
different from the non-woundeq controls (P = 0.05).

In Trial 2, the average daily volatile outputs of the diseased treatments
(ECC and ECA) was approximately seven times greater than the CO treatment.

In both cases, this difference was significant at the 1% level (Table 5c).
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TABLE 5c. Pairwise comparisons of means of the total of peak areasl)
averaged over the incubation period for the E. carotovora varie-
ties (ECA and ECC) and control treatments (CO and CX).

Pairwise Trial Mean total .
comparison ¢ Trmt integrator response t Value
1 ECA 6.239 0.91N.5S.
ECA ECC 6.405
vs
ECC 2 ECA 6.568 0.01N.5.
ECC : 6.566
1 ECA 6.239 1.528:5-
co 5.872
ECA
vs
co 2 ECA 6.568 4.83%F
co 5.697
1 " ECC 6.405 2,21N:8.
co 5.872
ECC
vs -
co 2 ECC 6.566 4.81%%
o 5.697
1 ECA 6.239 3.11%*
ECA X 5.489
vs
CcX 2 ECA NA
cX
1 ECC 6.405 3.80%*
cx 5,489
ECC
vs
cx 2 ECC NA
X
1 co 5.872 1.328.8.
cx 5,489
co
Vs
cx 2 co NA
cxX

**Values significantly different at the 1% level.

N'S'Values not significantly different at the 5% level.

1)I..og of sum of all individual peak areas.
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In Trial 1, the average number of peaks/chromatogram for the diseased
treatments was significantly greater than the values for both the CO (P =
0.01) and CX (P = 0.01) treatments (Table 5d). The CO and CX treatments did
not produce significantly different numbers of peaks/chromatogram (P = 0,05).
In Trial 2, the number of peaks/chromatogram in the ECA treatment was signi-
ficantly (P = 0.01) greater than for the CO treatment (Table 5d). The ECC
and CO treatments did not yield significantly (P = 0.05) different numbers of
peaks/chromatogram.

In Trial 1, a number of compounds (2-propanol, l-propanal/2-propanone,
and two unidentified compounds; RT = 7.1 and 14.1 min) were present in the
diseased treatment and in those controls (CO and CX) which had become
contaminated with E. carotovora but were not detected in the uncontaminated
controls (Table 5¢). In Trial 2, 2-propanol and two compounds (RT = 1l4.1 and
15.6 min) were present in the diseased treatments, but not in the wounded
controls.

The mean areas (LOGjg) and PTPA values for the major peaks in the
chromatograms of the disease treatments are listed in Table 5e and the
corresponding chromatogram signatures are listed in Table 5f (see REFERENCE
TABLE D for peak identification). The metabolites which, according to the
test statistics in Table 5e could be used to differentiate between the
disease treatments are summarized in Table 5g. When comparing the peak
area and PTPA values of the ECA and CO treatments, all differentiations were
based on the greater total and relative volatile outputs of the ECA treatment.

When comparing the peak area values of the ECC and CO treatments, all
differentiations were also based on the greéter total volatile outputs of
the diseased treatment. For the PTPA values, the two experimental trials

produced similar data for ethanol (CO » ECC), the C-4 compounds (ECC CO),
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TABLE 5d. Pairwise comparisons of mean numbers of peaks/chromatogram
averaged over the incubation period for the E. carotovora varieties
(ECC and ECA), wounded (CO), and non-wounded (CX) control treatments.

Pairwise Trial Mean number of
comparison 4 Trmt, peaks/chromatogram t Value
1 ECA 9.21 1.69N: 8.
ECA ECC 8.04
vs . N.S
ECC 2 ECA 9,72 2.098-S.
ECC 8.48
1 ECA 9.21 4,89**
ECA co 4.63
vs *%
o 2 ECA 9,72 3.84
co 7.30
1 ECC 8.04 3.61%%
co 4,63
ECC
vs
co 2 ECC 8.48 1,87N.5.
co 7.30
1 ECA 9,21 3.83%%
X 5.60
ECA
vs
CX 2 ECA NA
cx
1 ECC 8.04 2.55%
ECC X 5,60
vs
cx 2 ECC NA
cx
1 CO 4.63 0.89N'S'
cx 5.60
co
vs
cx 2 co NA
cx

**Yalues significantly different at the 17 level.

*
Values significantly different at the 5% level.

N'S'Values not significantly different at the 5% level.



TABLE 5e. Aress of chromatogram peaks averaged over the incubation perfod for E. carotovora varieties (ECA and ECC) and

wounded (CO) and non-wounded (CX) control treatments.

- - - ; 3-Hydroxy-

Methanol Zthanal Ethanol RT = 7.1 min C-4 1-Butanol AT = 12,7 min o Boteony RT = 17.8 min
Areal)  PTPA?) Area PTPA Area PTRA Area PTPA Area PTPA Area PTPA Ares PTPA Area PTPA Area PTPA

Trial l

BCA 5.3 a° 8.35aF 0.80a T & 5.76a 54.15a 3.66 ab 0,30 b 3.98 s 0.5 b 3.83s 0.80a 507 b 4,5 b 38la 0,5 b 500a 5.40 o

BCC 5.32 a 10,20 a 0.87 & 0.05a 5.56 ab  44.85 b 3.86 a 0.20 b 4,37 ab 1.45 a 3.67 a 0.20a 5.53a 8.60 & 3.90 a 0.55 b 5,11 a 8.25 a

co 5.10 & 9,75 a 0,79 a T & 5.5 ab 58.50a 3,60 ab 0,90 b 3.44 be TR b 3.02a T a 455 ¢ 2,13 b 3,08 b 0.25 b 4.,55a 3,00 &

[» 3 4.01 b 8.00 s T a T e 3,99 b 2075 ¢ 3.29 b 7.00a 2,63 ¢ 1,25 ad T b T & 3.5 d 7.5 ab  3.34 «cd 6.25a 4,16 & 15.00 a

Iria

ECA s.23a 26.26a 0.32a 0.06& 55 b 53,11 b 4b4ka 236 Db 3.3 a 0.13eb 4.14 b 1,89 b 4.l4e 1.85 b 2,65a&a 0.74 b 3.91a 0.80 &

rCC 5.10 a 27.76 a T a T & 5.35 b 49.65 b 4,55 a 2,36 b 3,18 a 0.02 b 4.89 s 4,3 a 407 a 2,15 b 3.64 8 1.02 » 3.88a 1.58 a

co 4.899a 21,18a T a T & 507as 33.17a 4,708 7.8l &8 3.4l a 0.36a 4,50 ab 1.54 b 3.89 a 3.18a 4.8la 7.73a 4.07s 3.18 a

T = Trace

Diotal sres (Log of integrator units).
z)l’ercenuge of total peak areas,

*
Values within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test of
ordered means.

80T



TABLE 5f.
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Chromatogram signatures for E. carotovora var.

carotovora, E. carotovora var. atroseptica, wounded

(CO) and non-wounded (CX) control treatments in two
experimental trials.

Signaturesa)
Treatment Trial 1 Trial 2
é}:e_a_l_s_b)
ECA Ica s xFpc 1ES CADHGKFET: b
gce CEan ke nem o ATo ola KT 5 b
co m@\: e JIlcaADGHERFI: be
cX AcxkEpIrFle: be
p1eA®)
ECA caliklFDcI: eb CADEGKFET: b
ECC c'lHARFIGD : eb calcD BKF I': eb
co CA&m:fbe CADGHKPF I': be
cx alclkaDIF G : be

a

Peaks significantly (P = 0.05) different from one another
by Duncan's test for ordered means are not enclosed by the
Traces are given as small letters.

same bracket.

b)Log peak areas.

c)
Percentage of total peak areas.
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TABLE 5g. Comparisons between signatures for E. carotovora var. carotovora,
E. carotovora var. atroseptica, wounded (CO) and non-wounded (CX) control
treatments in two experimental trials,

Characters Distinguishing Between Treatments®)

ECC co cX

Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2
Areas™
ECA H G EFHIL c ACEFGH (NA)
ECC . . EHL C ADEFGH (NA)
cX . . AGH (NA) . .
p1pa®
ECA CFH G * CDHI CpI (NA)
ECC . . CFH CDFHI CDIL (NA)
cX . . CDI (NA) . .

Characters which differ significantly between the treatments.
Log peak area.

c)
Percentage of total peak areas,.

No characters significantly different,
(NA) Not applicable.
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and compound H (CO > ECC),

In comparing the peak area values for the diseased (ECA and ECC) treat~
ments with the non-wounded control (CX), all differentiations were again
based on the greater total volatile production of the aiseased treatments,
The PTPA values for both the disease treatments (ECA and ECC) could be diff-
erentiated from the CX treatments on the basis of ethanol (ECA/ECC »CX) com=-
pound D (CX» ECA/ECC), and 3-hydroxy=-2-butanone (CX > ECA/ECC).

The CO and CX treatments in Trial 1 could be differentiated on the basis
of production levels for methanol (CO > CX), l-butanol (CO7Y CX), and compound
H (CO>CX)., The PTPA values for ethanol (CO» CX), compound D (CX? CO), and
3-hydroxy-2-butanone (CX» CO) could be used to differentiate between the two

treatments.

Differentiation between E. carotovora varieties. The test statistics

for the covariant analyses of the regression equations and their slopes for
the E. carotovora varieties (Table 5b) show that in Trial 1, the disease varie-
ties could be differentiated on the basis of their daily volatile production

0.01), but as a whole the regression equations

regression line slopes (P

were not significantly (P O.QS) different. In Trial 2, neither the
regression equations nor their slopes were significantly (P = 0.05) different
for the volatile production regression of the two E. carotovora varieties.

In both experimental trials when the data were averaged over the entire
test period the daily volatile outputs for the ECC and ECA treatments were
not significantly (P = 0.05) different (Table 5c).

In both trials, all recorded chromatogram peaks were common to the vola-
tile profiles of both E. carotovora varieties (REFERENCE TABLE C). The

disease varieties did not produce a.significantly (P = 0.05) different

number of peaks/chromatogram in either experimental trial (Table 5d).
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The mean peak areas (DOGlO) and PTPA values for the major peaks in the
chromatograms of the E. carotovora varieties are listed in Table 5e, and the
corresponding chromatogram signatures are listed in Table 5f (see TABLE D
for peak identification).

According to the test statistics in Table 5e, the metabolites which could
be used to differentiate between the E. carotovora varieties are summarized
in Table 5g. In Trial 1, compound H (ECC > ECA) could be used to differen-
tiate between the disease varieties on the basis of mean compound production
levels. 1In Trial 2, the disease varieties could be differentiated on the
basis of the production levels of 1-butanol (ECC > ECA).

In Trial 1, the PTPA values for ethanol (ECA D> ECC), the C-4 compounds
(ECC > ECA), and compound H (ECC > ECA) were different for the E. carotovora
varieties. 1In Trial 2, the disease varieties could be differentiated on the

basis of the relative production levels of 1l-butanol (ECC ) ECA).
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Experiment 6: Volatile Profiles of Different Strains of E. carotovora

Disease summary. Contamination of control (CO) treatments was a per-

sistent problem on both occasions that this experiment was conducted. In
Trial 1, one of the three controls decayed due to infection by E. carctovora
var, atroseptica. In Trial 2, three of the four control replicates showed
some sign of decay due to E. carotovora var. atroseptica infection. Conse-
quently, in Trial 2 the control treatments were omitted from the experimental
analyses.

Disease development amongst the strains of E. carotovora was not uniform.
In Trial 1, the ECC2 treatment did not develop as rapidly as the other infec-
tions. In Trial 2, the ECA2 and ECC3 treatments developed minimal visual
symptomology relative to the other treatments. In both trials, there were
considerable differences in the rate of disease development amongst the rep-
licates for each treatment. As there were only two replicates/treatment in
Trial 2, these replicate differences limited the validity of day to day
analyses. Consequently, all day to day disease development statistics were

limited to data from Trial 1.

E. carotovora bacteria were present in the bacterial seepage of all
treatments which had showed extensive decay. Minimal E. carotovora popula-
tions were recovered from the infection sites in the treatments which had
not decayed. Tests indicated that none of the variety specific infections
had become contaminated by the opposing variety of E. carotovora.

In both trials, populations of secondary microflora were minimal in

comparison to the E. carotovora populations. In Trial 1, Staphylococcus and

Clostridium dominated the secondary microflora. In Trial 2, Staphylococcus

and yeast were the predominant organisms.
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Volatile Production

Differentiation between strains within E. carotovora varieties. 1In all

statistical tests of the data in Trial 2, the disease treatment X potato
cultivar interactions were not statistically significanﬁ. In all subsequent
analyses, the data was pooled accordingly.

In both experimental trials, there were clear-cut differences in the
performance of the strains tested.

The mean daily total volatile production levels of the two strains of

E. carotovora var atroseptica (ECAl and ECA2) are presented in Tables 6a and

6b. In Trial 1, the daily volatile output of ECAl increased by a factor of
62X over the test period, while ECA2 increased by approximately 120 fold.
Averaged over the entire incubation period, the total daily volatile output
of ECAl was approximately 50% greater than for ECA2, however, this difference
was not statistically significant (P = 0.05) (Table 6c).

In Trial 2, the daily volatile outputs of ECAl increased by 15X over
the test period, but ECA2 did not show any appreciable increase in volatile
output (Table 6b). Averaged over the test period, the total daily volatile
output of ECAl was approximately 20X greater than for ECA2, a difference
significant at the 5% level (Table 6c).

In Trial 1, the daily volatile output of ECCL increased by 119 fold over
the test period, while ECC2 and ECC3 increased by factors of 15 and 106X,
respectively (Table 6a). Averaged over the test period, the total daily vola-
tile outputs for the three ECC strains were not significantly (P = 0.05)
different (Table 6c).

In Trial 2, the daily volatile output of ECCl increased by 17 fold over
the test period, while ECC2 and ECC3 increased by factors of 14X and 12X,

respectively (Table 6b). Averaged over the entire test period the total



TABLE 6a, Relative total peak areasl) for two strains
of E. carotovora var. atroseptica (ECA) and three
strains of E. carotovora var, carotovora (ECC)

(Trial 1).
Incubation Period (Days)
Treatment 1 2 3 4
U/o

ECAL 1.62) 9.9 49,2 100.0
ECA2 0.6 0.3 20,7 71.2
ECC1 0.3 6.7 32.6 35.7
ECC2 0.4 0.7 2.6 6.1
ECC3 0.4 2.9 14.5 42,3
X ECA 1.1 5.1 35.0 85.6
X ECC 0.4 3.4 16.6 28.0
X Disease 0.8 4,2 25.5 56.8

Control 0.4 0.5 3.4 5.3
1)’J.‘otal peak area of ECAl at 4 days = 100.
2

)Value = peak area/peak area of ECAl at 4 days X 100.
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TABLE 6b, Relative total peak areasl) for 'Russet
Burbank' (R) and 'Norland' (N) tubers with three
strains of E. carotovora var. carotovora (ECC),
two strains of E. carotovora var., atroseptica
(ECA), and control (CO) treatments (Trial 2).

Incubation Period (Days)

1 2 3 4
%

RECAL 4.,62) 3.0 26.4 36.6
NECA1 0.3 0.9 28.9 37.9
RECA2 0.8 0.2 0.3 0.7
NECA2 1.0 0.3 0.9 0.5
RECC1 1.2 17.6 16.4 21.0
NECC1 1.3 17.3 26.8 19.7
RECC2 9.3 56.0 99.2 100.0
NECC2 2.8 42.9 59.8 67.8
RECC3 0.6 0.8 0.6 8.9
NECC3 0.3 0.1 0.5 0.7
X ECAl 2,5 2.0 27.6 37.2
X ECA2 0.9 0.2 0.6 0.6
X ECCl 1.2 17.4 21.6 20.4
X ECC2 6.0 49,4 79.5 83.9
X ECC3 0.4 0.4 0.5 4.8
X ECA 1.7 1.1 14,1 18.9
X ECC 2.5 22.4 33.9 36.4
X R 3.3 15.5 28.5 33.4
X 1.1 12.3 23.4 25.3

1)Total peak area of RECC2 at 4 days = 100.
2)Values = peak area/peak area of RECC2 at 4 days X 100.



TABLE 6c, Means of total of peak areasl) averaged over the
incubation period for two strains of E. carotovora var.
atroseptica (ECA) and three strains of E. carotovora

var, carotovora (ECC).

Trial 1 Trial 2
Treatment Mean Treatment Mean
ECAL 6.567% a** ECC2 6.633F a**
ECA2 6.391 a ECC1 6.060 b
ECC1l 6.307 ab ECAl 5.997 b
ECC3 6.204 b ECC3 4,878 c
ECC2 5.490 be ECA2 4,761 c
Cco 4,813 c
1

Log of integrator unit values.

*

+

Mean of three replicates.

Mean of four replicates.

**yalues within columns followed by the same letter are
significantly (P = 0.05) different by Tukey's test of

not
orde

red means.
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daily volatile outputs of all three ECC strains were significantly (P = 0,05)
different (Table 6c).

In both trials, all major chromatogram peaks were common to the pro-
files of all E. carotovora strains tested (REFERENCE TABLE C). In both trials,
ECAl produced a significantly (P = 0.05) greater average number of peaks/
chromatogram than ECA2 (Table 6d). In Trial 1, there were no significant
(P = 0.05 differences in the average number of peaks/chromatogram for the
E. carotovora var. carotovora strains tested. In Trial 2, ECCL and ECC2
produced significantly (P = 0.05) greater numbers of peaks/chromatogram
than ECC3 (Table 6d).

The total daily volatile outputs of the E. carotovora strains in Trial
1 were plotted as exponential functions in Figure 6a. The regression coeffi-
cients indicated that in all cases the total volatile outputs followed an
exponential production pattern (P = 0.05 and 0.01) over the test period
(Table 6e). The test statistics for the analysis of covariance for the
regression equations derived to fit the total volatile production data are
presented in Table 6f. ECAl and ECA2 could not be differentiated on the basis
of the regression slopes (P = 0.05) but the overall equations were signifi-
cantly (P = 0.01) different. The regression equation for ECC2 could be
differentiated from the equations for ECCl and ECC3 on the basis of both
slope and overall equation (P = 0.05). The regression equations for ECCL
and ECC3 were not significantly (P = 0.05) different.

The peak areas (LOGjp) and PTPA values, averaged over the entire incu-
bation period for the major peaks in the chromatograms of the various strains
of E. carotovora in the two experimental trials, are presented in Tables 6g
and 6h. Table 6i contains the chromatogram signatures for the peak areas and

PTPA values (see REFERENCE TABLE D for peak identification). The metabolites

which, according to the test statistics in Tables 6g and 6h, could potentially be



TABLE 6d. Mean number of peaks/chromatogram averaged over

the incubation period for two strains of E. carotovora

var, atroseptica (ECA), and three strains of E.
carotovora var. carotovora (ECC).

Trial 1 Trial 2
Treatment Mean Treatment Mean
ECAl 11.3% 2** ECC2 10.4% a**
ECC3 9.3 ab ECC1 8.9 ab
ECA2 8.2 bc ECAl 8.5 b
ECCl 8.2 be ECC3 6.4 c
ECC2 7.1 bc ECA2 6.0 c
Cco 5.8 c

*Mean of three replicates.,
+ .
Mean of four replicates.

Values within columns followed by the same letter are
not significantly (P = 0.05) different by Tukey's test of
ordered means.
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FIGURE 6a. Daily total volatile production and corresponding best-fit
regression lines for two strains of E. carotovora var. atroseptica
(ECA), three strains of E. carotovora var. carotovora (ECC), and
control (CO) treatments.
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TABLE 6e., Linear regression equations for the daily total

integrator responses of three strains of E. carotovora
var. carotovora (ECC) and two strains of E. carotovora

var. atroseptica (ECA),

Treatment Equation r2

—2 ke
ECAl g1 = o11.9141.40%%) 0.92%
ECA2 Y = e8029+lo65X 0071**
ECC1 Y = e9°63+1.57x 0074*7\‘
ECC2 Yy = 2:52+0.97X 0.62%
ECC3 y = ¢9.28+1.58X 0.86%*
Co y = &9.54%0.96X 0.91%%
Y = Total integrator response (integrator units).

Incubation period (days).

blal
]

*
Significant at the 1% level.

*
Significant at the 5% level.
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TABLE 6f.

123

Analysis of covariance for the linear regression

equations calculated for the daily total integrator res-

ponsesl) of three strains of E. carotovora var, carotovora
(ECC) and two strains of E. carotovora var. atroseptica
(ECA).

Pairwise F Test for F Test for similarity
comparison slopes between lines
ECAl .

vs 0.44N.S. 25047*,\
ECA2
ECAl N

vs 0.27N. 8. 5.66
ECCl
ECAl .

vs 11,53%* 35, 58%
ECC2
ECAl

vs 20.60"" 0.66N-5-
ECC3
ECA2

vs 0.60N:5¢ 5,54
ECC1
ECA2

vs 6.61% 4.,41%
ECC2
ECA2

vs 4,200 5" 1,374 5
ECC3
ECCl

vs 7.22% 7.50%
ECC2
ECCl

vs 0.05N-5 0.67N-S-
ECC3
ECC2

*

vs 10.66** 4.66

ECC3

** L/
Difference significant at the 1% level.

*Difference significant at the 5% level.

N.S

1)Ln of integrator units.

* Difference not significant at the 5% level.



TABLE 6g, Areas of chrowatogram peaks averaged over the incubation period for two strains of E. carotovora var. atrogeptica (ECA) and three strains of
K. carotovora var, carotovors (ECC).

3I<Hydroxy-
Methanol Ethanal Ethanol 2«Propanol RT = 7.1 min C-4 Pks 1-Butanol RT = 12,7 min 2~Butanone RT « 17.8 min
Areal) PpTPA2) Area PTPA Area PTPA Area PTPA Area  PIPA Area PTPA Area PTPA Area  PTPA Area  PTPA  Area PTPA

ECAl 5.42 a* 16.25 a 1,56 b T be 6,28 a 50.37 a 5,3 a 10,50 b 2.55a 0.75a 4.95a 3.00a 3,51 d 0.62 ¢ 4,35a 2.63a 1.88 a2 TR a 4.72 a 3.25

ECA2 3.98a 8.91ab 2., 74a >3.17 be 'S.39a 13.25 b S.448 23.00 b 2,72 a 0.17a 4,49 8> 0.83a 5.74a 22,33 a 2.68a 0.,17ab 1.26 2 TR a 3.8 a 7.17 a

ECC1 4,17a 3.63 b 3,66 a 4.83 abe 4,61 ab 4,06 b 5,99 a 54.33 a 4,67 & 2.,45a 4,74 ab 5.38a 4,98 ab 11,58 b 3.56 a 0.04 b 3.71'a 1,08 a 4,34 a 2.54
BCC2 3.77e& 6,58 b 3,71a 9.00 ab 2.4 b 046 b 4,5 a 38,83 eb 2.93a 2,332 3.92ab 3.25a 3.88 cd 9.9 b 2,18 a 0.33 2b 1,48 a 0.96a 3,91 a 9.08
ECC3 2.93a 3.63 b 3.91a 6,12 abe 5.03 ab 15,83 b 5.22a 30.83 ab 4,18 a8 5.06a 4,19 ab 1,912 4,72 be 6,08 ¢ 3.,62a 0.25ab 1.96a 1.29a 3,11 a 5.50
co 3.75a8 5.33 b 3.90a 14,00a 1,79 b 0.83 b 4.58 a 36,50 ab TR a T a 3,08 b 2.17a 3,61 cd 6.17 be TR a TR b 3,93 a 3.50a 3,8 a2 13.00

X ECA 4.56 a 11.85a 1.79a 1.90 b 5.75 a 28,10 a S.41a 18,00 b 2.65a 0,40 a 4.67a 1.70a 4.85a 13.65 a 3.35a 1.15a 1.50a TR a 4,30 a 5.60
XECC 3.62a 4.61 b 3,968 6.65a 3,96 b 6.78 b 5,26 a 41.33 a 3,93 a 3.28a 4,29 ab 3.51 a 4.53 ab 9.20 b 3.12a 0.21 a 2,33 a 1l.11a 3.79 a 5.70

Cco 3.75a 5.33ab 3,902 14.00 a 1.79 b 0.83 b 4.38a 36.50 &b TR a TR & 3.08 b 2.17a 3.61 b 6.17 b TR a TR a 3.93a 3.50a 3,86a 13.00

*
Values within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test of ordered means.
T = Trace.

D1otal area (Log of integrator units).

2)Percennge of total peak areas.

VEA



TABLE 6h. Areas of chromstogram peaks averaged over the incubation period for 'Russet Burbank' (R) and 'Norland' (N) tubers inoculated with two strains of
B, carotovors var, atroseptica (RCA) and three strains of B, carotovora var. carotovora (ECC).

. 3-Hydroxy-
Methanol Ethanal Ethanol 28Propanol RT = 7.1 min C-4 pks l-Butanol RT = 12,7 min 2~Butanone RT = 17,8 min

Areal)  prPA?) Area PTPA Area PTPA Area  PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area  PTPA Area PTPA
BCAl 3.19 l* 9.83 a 3.70a 5.94 ¢ 5.,53a 22,67 b 4.2, a 3.78 a T ar b 4.35 b 5.72 b 3.66a 2.72 b 1.59 a 0,44 a 1.24a 0,11a 1,61 a 0.22 c
BCA2 T b T b 4,15a 32,8 a 0.62 b 0.17 ¢ 3.4 a 8,67a 1,11 ¢ 0,46 b 2,25 ¢ 0.75 b 3,748 14,00 a 0.58 b 0.25 a 2,27 a 1,332 1,17a 10.96 s
ECCl1 5,02a 7.71ab 2.8 a 4.71 c 5,91 a 41,54 a 4,03 a 2,00a 3,06 b 0.54 b 4,34 b 2,00 b 4,17 a 2,8 b T b T a 3.06 2 0.63a 2,17 a 5.33 b
ECC2 3.88a 3.79ab 2,37a 1,5 ¢ 6.21 a 37.92 ab 4,20a 1,33 a 5.07 a 3.25 a 5.96 a 22,13 a 4,08a 0,92 b 3.29a 0.04a 3.30a 0,338 4,25 a T ¢
ECC3 3.42a 9.67a 3.8t a 17,5 b 1.82 b 2.62 ¢ 3.55a 7.58a 1,48 ¢ 0.08 b 2,54 ¢ 0,71 » 3,87 a 13,17 a T b T a 1.57 a 0.33 a8 2,22 a 1.92 be
XECA 1.37 b 4,21 a 3.96a 21,33 a 2,73 b 9.81 b 3.79a 6.57a 0.63 b 0.26 b 3,15 b 2,88 b 3,71 a 9,17 a 1.01a 0.33 1.83a 0.81a 2,98 a 6.36 a
XECC 4,10a 7.06a 3.0La 7.93 b 4,65 a 27,36 a 3.92a 3.64a 3,19 a 1,29 a 4,28 a 8.28 a 4,04 a 5.65a 1.10 & 0.01 2,64 a 0,438 1.43 b 2.42 b
R 2,50 a 4,00 b 3.72 a 13.61 a 4,42 2 23,83 a 3.74 a 3.50 a 2,46 a 0.57 a 4,04 a 7.19 a 3.80 a 6.67 a 1.40 & 0.01 2.37 a 0,44 a 2,77 a 4,22 a
N 3,632 7.8l e 3,04 a 12,20 a 3.51 b 18,25 a 3.99a 5.82a 2,06 b 1,22 a 3.70 b 5.48 a 4,03 a 7.20a 0.69 a 0,25 2.32 a 0.68 a 1.31 b 3.55a

*yalues within columns followed by the same letter
T = Trace

1)Total area (Log of integrator units).
2)Petcentuge of total peak areas.

are not significantly (P = 0.05) different by Duncan's test of ordered means.

sZ1



TABLE 6i. Chromatogram signatures for two strains of E. carotovora
var. atroseptica (ECA) and three strains of E. carotovora var,
carotovora (ECC) in two experimental trials.

Trial 1
Treatment Signaturea) for areab) Signature for PTPAC)
ECAl ’c’DAF'GEKJ‘BI‘H\ c/ADFKJGBE :h
ECA2 popclrlae J'KE\HH\ b ¢Vc 3 A;K;B FEH: i

\/i\ &1 .
EcCl blcFlcAIBEXJI: R DGFBCAKIEJ:h
ECC2 blks GlABE CJlTl: n p/GlKBAJFIEC: h

ECC3 blcic F K'B'J E\A\I\: h DcBEGKAFITE :h
Trial 2
ECAl ’CF’IAGEB\JKHD\ C[;fFB‘GKIEHJD\
._.“-w 1
ECA2 BGE\JFIKDlC H\: a elc/IDEIFHCA
I \ ‘
ECCl /C)AjIFG‘JDB\EK:h CABIG“FKJDE\:h
r_f:f—-__—__—:\——v' ‘ ! !
ECC2 clrlp 1 K'c Al u'B E' CFADBKGIJDEH
ECC3 [GEAFEKICJD:h elcaVkKICE\I FJID: 1

a)peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same
bracket. Traces are given as small letters.

b)

c
)Percentage of total peak areas.

Log peak areas.
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used to differentiate between the strains of each E. carotovora variety in
the two experimental trials are summarized in Table 6j. In each trial, the
peak area values for a number of metabolites could be used to differentiate
between the E. carotovora var. atroseptica strains. However, there was only
a minimal correspondance between the results in the experimental trials.
Often the results from the two trials were directly contradictory.

The PTPA values of ethanol (ECA1l > ECA2) and l-butanol (ECA2 > ECAL)
could be used to differentiate between the ECA strains in the two experimen-
tal trials. In comparing the three ECC strains, there were no compounds
which were considered diagnostic either in terms of area or PTPA values in

both treatments.

Differentiation between E. carotovora varieties and control treatments.

The mean daily total volatile production values for the E. carotovora varie-
ties were calculated by pooling and averaging the data for the respective
strains of each variety. The mean daily total production levels for the
experimental treatments are expressed as relative functions in Tables 6a and
6b. 1In Trial 1, the total volatile output of ECA increased by a factor of
78X over the incubation period, while ECC increased by 70 fold over its ini-
tial levels. Over the entire test period, the average volatile output of the
ECA treatment was approximately 2.5X greater than for the ECC treatment.
This difference was not significantly different at the 5% level (Table 6k).
The total volatile output of the control treatment in Trial 1 increased
by 13 fold over the incubation period (Table 6a). The average volatile out-
put of the controls was approximately 3% of the average for the diseased
treatments (Table 6¢). Both ECC and ECA had significantly (P = 0.01) greater
average volatile production levels than the controls (Table 6k).

In Trial 2, the total daily volatile output of ECA increased by 11 fold
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TABLE 6j. Comparisons within strains of signatures for E. carotovora var,
atroseptica (ECA) and E. carotovora var. carotovora (ECC).

Characters Distinguishing Between Treatment?)

ECA2 ECCl ECC2
Areas® Trial 1  Trial 2 Trial 1  Trial 2 Trial 1 Trial 2
ECAL BG ACDFH i i ) )
ECCL ) i . . G DFH
ECC3 i i * CDF * CDFH
pTPAS)
ECAL cel ABCGK ) . ) )
ECCl ) X ) . * DFK
ECC3 . . G BCG G BCDFG

a
)Characters which differ significantly between the treatments,

b)

c)Percentage of total peak areas.

Log peak areas.

*
No characters significantly different.



TABLE 6k. Pairwise comparisons of means of the total of peak areasl)

for the disease treatments.

Pairwise Trial Mean total
comparison # Trmt integrator response t Value
1 ECA 6.437 1.81N5.
ECC 6.058
ECA
Vs
ECC 2 ECA 5.379 1.74N.S.
ECC 6.037
1 ECA 6.437 5,78
co 4,813
ECA
vs
co 2 NA
K%
1 ECC 6.058 4,43
co 4,813
ECC
Vs
co 2 NA

*k
Significant at the 1% level.

N.S

‘Not significant at the 5% level.

Log of integrator unit values.
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over the incubation period, while ECC increased by a factor of 14,.5%. Over

the entire test period the average volatile output of the ECC treatment was

approximately 4.5% greater than the ECA treatments, however, this difference
was not significant at the 5% level (Table 6k).

In both trials, all recorded chromatogram peaks were common to the
volatile profiles of both E. carotovora varieties (REFERENCE TABLE C). A
number of compounds common to the diseased profiles (i.e., l-propanal/2-
propanone and two unidentified compounds with RT of 7.1 and 14.1 min) were
not detected in the volatile profiles of the control treatments.

In both trials, the ECA and ECC treatments could not be differentiated
(P = 0.05) on the basis of the mean number of peaks/chromatogram (Table 61).
In Trial 1, the control treatment produced significantly fewer peaks/chromato-
gram than the ECA (P = 0.01) and ECC treatments (P = 0.05) (Table 61).

The mean peak areas (LOGyy) and PTPA values for the major peaks in the
chromatograms of the ECC, ECA, and CO treatments are presented in Tables 6g
and 6h, and the corresponding chromatogram signatures are presented in Table
6m (see REFERENCE TABLE D for peak identification). The metabolites which,
according to the test statistics in Tables 6g and 6h, could potentially be
used to differentiate between the treatments in the experimental trials are
summarized in Table 6n. In each of the trials there were several compounds
with peak area and PTPA values which, in theory, could be used to differen-
tiate between the profiles for the E. carotovora varieties., Again, there was
only minimal correspondence between the results in the two experimental trials.
The results were again often completely contradictory. In both trials, the
PTPA values for ethanal in the ECA profiles were significantly greater than

in the ECC profiles.

In Trial 1, the control and ECA treatments could be differentiated on
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1E 61. Pairwise comparisons of means of the number of peaks/

chromatogram averaged over the incubation period for the

disease treatments.

Pairwise Test Mean number
comparison # Trmt peaks/chromatogram t Value
1 ECA 9.78 2,1N.S.
ECC 8.19
ECA
vs
ECC 2 ECA 7.25 1,59N- 5.
ECC 8.57
1 ECA 9.78 3.9%%
Cco 5.77
ECA
vs
CcO 2 NA
1 ECC 8.19 2.9%
Cco 5.77
ECC
vs
Cco 2 NA
*%

Significant at the 1% level.

*
Significant at the 5% level.

‘Not significant at the 5% level.



TABLE 6m, Chromatogram signatures for E. carotovora var,

carotovora (ECC), E. carotovora var. atroseptica (ECA),
and control treatments in two experimental trials.

Trial 1

Signaturea) for areasP) Signature for PTPAS)

ECA

ECC

Cco

ECA

ECC

Cco

IchhcraE K‘JiB I\H\ ’CjD‘jG;AaJ KiF B'E H\: i
leGjFiCBAiK}EiI Jt:h D’G7c BjKA\F JiI E\: h

DKIBAGFEC: hj berxcAaIFCE: hj

Trial 2

kBericeltls A‘K\E\H\ /B;CQG‘AFKIEJ DH\
clela ¢ 1D'B K\JhEiH\ C‘{f‘_’ﬁinG;K\'I olE 7 1!

NA NA

a)Peaks significantly (P = 0.05) different from one another
by Duncan's test for ordered means are not enclosed by the
same bracket. Traces are given as small letters.

Log peak areas.

c
>Percentage of total peak area.
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TABLE 6n. Comparisons between signatures for E. carotovora
var. atroseptica (ECA), E. carotovora var. carotovora
(ECC), and control treatments in two experimental trials.,

Characters Distinguishing Between Treatments?®)

ECC ECA
AreasP) PTPAS) Areas PTPA
ECA E ABCG . )
Cco * * CFGJ BCG
Trial 2
ECA ACDFK BCDFK ) .
Cco NA NA NA NA

a)Characters which differ significantly between the
treatments.

b)Log peak areas.
C)Percentage of total peak areas.

*
No characters significantly different.
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the basis of production levels of ethanol, the C-4 compounds, l-butanol,
and the unidentified compound J. In all cases, the ECA treatments had sig-
nificantly greater compound production levels than the controls. The PTPA
values for ethanal (CO» ECA), ethanol (ECA>CO), and l-butanol (ECA > CO)
were significantly different for the ECA and control treatments. The ECC
and control treatments could not be differentiated on the basis of either
the mean areas or PTPA values of any of the metabolites identified in this

test.,

Differentiation between potato cultivars. The mean daily total volatile

output data for the two potato cultivars infected with E. carotovora bacteria
was calculated by pooling and averaging the data from all disease treat-
ments for each cultivar. The total volatile output of the infected 'Norland'
(N) tubers increased by an average of 10% over the incubation period, while
the 'Russet Burbank' (R) treatments increased by an average of 23 fold over
their initial levels (Table 6b). Over the entire incubation period, the
average volatile outputs of the potato cultivars were not significantly

(P = 0.05) different (Appendix 6a).

All chromatogram peaks were common to the volatile profiles of both
potato cultivars (REFERENCE TABLE C). The cultivar volatile profiles did not
exhibit a significantly (P = 0.05) different mean number of peaks/chromato-
gram (Appendix 6b).

The mean peak areas (LOGIO) and PTPA values for the major peaks in the
chromatograms of the infected 'Norland' and 'Russet Burbank' tubers were
presented in Table 6h; the corresponding chromatogram signatures were listed
in Table 60 (see REFERENCE TABLE D for peak identification). The metabolites
which, according to the test statistics in Table 6h, could potentially be used

to differentiate between the volatile profiles of the potato cultivars are
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TABLE 60. Chromatogram signatures for 'Norland’' and 'Russet
Burbank' tubers infected with E. carotovora bacteria.

Signaturea) for areasP) Signatures for PTPAC)

: = — = =
Ic'FacliBJEDKHE clalaldlrF 1 kpEY B

"Norland'

'Russet -+ \ \
Burbank' ‘C]F GBIKADJE H\ C'B'F GlA KIDJE:: h

a)Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same
bracket. Traces are given as small letters.

b)Log peak areas.

C)Percentage of total peak areas.
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summarized in Table 6p. The profiles of the potato cultivars could be

differentiated on the basis of the average production levels of ethanol,

compound D, the C-4 compounds, and compound K, In all cases, the differences

were due to the greater volatile outputs of the 'Russet Burbank' treatment.

Methanol (RDN) could be used to differentiate between the PTPA values of the

potato cultivars.
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TABLE 6p. Comparisons between signatures for 'Norland' and
'Russet Burbank' tubers infected with E. carotovora

bacteria.
Characters Distinguishing Between Treatments?)
'Russet Burbank'
AreasP) PTPAC)
'Norland' CDFK A

a)
Characters which differ significantly between the
treatments.

b)

C)Percentage of total peak areas.

Log peak areas.
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Experiment 7: Effect of Incubation Temperature on Volatile Profiles of
Diseased Potatoes

Disease summary. After 5 days at 22.5° C, the decay of the E. carotovora

infected treatments (EMX) had progressed to a point where seepage prevented
further volatile sampling of the incubation bags. The disease appeared to
develop much more slowly at 9.8° C and there were only minimal indications of
decay at 4.1° C after 7 days. At all three incubation temperatures, the con-
trol treatments (CO) remained 'healthy' throughout the test period.

E. carotovora bacteria were isolated from the bacterial seepage of the
22.5 and 9.8° C treatments at the end of the test period. At 4.1° C, the
bacteria could only be isolated in the immediate vicinity of the inoculation
points. Tests indicated that both varieties of E, carotovora were present in
all diseased treatments at the end of the test period. Populations of secon-
dary microorganisms were minimal in comparison to the E. carotovora popula-
tions. There were no appreciable differences in the diversity of microflora

at the three incubation temperatures. Yeasts and Staphylococcus were identi~-

fied as the predominant secondary microflora.

Volatile production. In all statistical analyses the disease treatment

X incubation temperature interactions were non-significant (P = 0.05).
(Appendix 7a and b). The data was pooled accordingly during the discussions
of the main experimental variables.

The mean daily total volatile production values for the treatments have
been plotted as exponential functions in Figure 7a, along with the corres-
ponding best-fit regression lines. At the 22.5° C incubation temperature,
the mean daily volatile production for the EMX treatment increased by 10X
over the 5 day incubation period (Table 7a). At 9.8 and 4.1° C, the total

volatile production of the EMX treatments increased by factors of 17X and 1.8X,



FIGURE 7a. Daily total volatile production and corresponding best-fit
regression lines for a mixed E. carotovora (EMX) infection incubated

at three temperatures.
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TABLE 7a. Mean relative total peak areasl) for a mixed E. carotovora
infection incubated at three temperatures.

Incubation Period (Days)

1 2 3 4 5 6 7
%

Diseased 22.5° C 9.42) 17.0 36.1 39.5 100.0
Control 22.5° C 6.5 9.0 10.2 12.5 12.9
Diseased 9.8° C A 8.2 13.3 12.9 19.4 52.7 74.8
Control 9.8° C 2.9 3.7 2.7 1.7 2.0 2.7 2.3
Diseased 4.1°C 7.4 5.2 5.4 6.1 4.7 8.9 7.1
Control 4.1°¢C 3.1 1.6 1.8 6.2 2.6 2.6 4,0
X 22.5° C 8.0 13.0 23.2 26.0 56.4
X 9.8°¢C 3.6 6.0 8.0 7.3 10.7 27.7 38.6
X 4.1°cC 5.2 3.4 3.6 6.2 3.6 5.8 5.6
X Diseased 7.1 10.1 18.3 19.5 41,4
X Control 4.2 4,8 4,9 6.8 5.8

1
)Total peak area of diseased 22.5° C at 5 days = 100.
2)Values = peak area/peak area of diseased 22.5° C at 5 days X 100.
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respectively, over the 7 day incubation period (Table 7a).

At 22.5° C, the mean daily total volatile output of the controls increased
by 2.3X over the test period (Table 7a). At the other two temperatures,
volatile output by the controls remained relatively stable over the test
period.

The regression coefficients for the exponential equations (Table 7b)
indicated that the total daily volatile production of the EMX treatments at
29.5 and 9.8° C increased exponentially over the incubation period.

At each incubation temperature the regression equations and their slopes
for the EMX treatments were significantly different (P = 0.05 or 0.01) (Table
7¢). At 22.5 and 9.8° C, the diseased treatments could be differentiated
from the corresponding control treatments on the basis of both the regression
slopes (P = 0.05 or 0.0l) and the general equations (P = 0.01). At 4,1° ¢,
the slopes for the diseased and control regression equations were not signi-
ficantly (P = 0.05) different.

The average total peak areas for the EMX treatments, pooled for the
three incubation temperatures, were approximately 9X greater than those for
the controls (Table 7d). This difference was significant at the 1% level,

At 22.5° C, the average total peak areas, pooled for the disease and control
treatments, were approximately 2.8X greater than at 9.8° C and approximately
4.4X greater than at 4.1° C (Table 7e). Only the difference between the
22.5 and 4.1° C output levels was significant at the 5% level.

The mean number of peaks/chromatogram for the EMX treatments, pooled
for the three incubation temperatures, was significantly (P = 0.01) greater
than for the controls (Table 7f). At 22.5° C, the mean number of peaks/
chromatogram, pooled for the disease and control treatments, was significantly

(P = 0.01) greater than at 9.8 and 4.,1° ¢ (Table 7g). The 9.8° C incubation
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TABLE 7b. Linear regression equations for the daily total
integrator responses for a mixed E. carotovora infection
incubated at three temperatures.

Treatment Equation ' r2
Diseased 22.5° C y1) = (11.93+0.56%%) 0.58%*
Control 22.5° C Y = e12'00+0°1f§ 0,59N-S-
Diseased 9.8° C y = el1.26+0.45X 0.65%%
Control 9.8°¢C Y = el1.35-0.06X 0.10N.S.
Diseased 4.1° C Y = e11'93+0'0j§ 0.01N.S.
Control 4.1° ¢ y = ¢l0.96+0.07X 0.06N-S.

1)Y = Total integrator response (integrator units).
2)—
X = Incubation period (days).
ko
Significant at the 1% level.
N.S

*“'Not significant at the 5% level.
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TABLE 7c. Analysis of covariance for the linear regression equations
calculated for the daily total integrator responses of a mixed
E. carotovora infection incubated at three temperatures.

Pairwise F Test for similarity
comparison F Test for slopes between lines

Diseased 22.5° C

vs 5.48% 18.82%%

Control 22.5o C

Diseased 9.8° C

vs 19.31%% 43.00%%

Control 9.8

Diseased 4.1° C

vs 0.21N-5. 14.21%%
Control 4.1° ¢C
Diseased 22.5° C

vs 18.02%F 4.,29%
Diseased 9.8O C
Diseased 9.8° C

vs 20.33%* 20.81%*
Diseased 4.1° €
Diseased 22.5° C

vs 27.97%% 34.,06%*

Diseased 4.1° C

*¥i fference significant at the 1% level.

*bifference significant at the 5% level.

N.S.
Difference not significant at the 5% level.

Ln of integrator units.
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TABLE 7d. Pairwise comparisons of means of the total
of peak areas! averaged over three incubation
temperatures for a mixed E, carotovora infection
(EMX) and non-inoculated control (CO) treatments.

Pairwise Mean total

comparison integrator response t Value
EMX 5.945 5.83%%
vs

co 5.017

*%
Values significantly different at the 1% level.

1)Log of sum of all individual peak areas.
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TABLE 7e. Pairwise comparisons of means of the total
peak areasl) for three incubation temperatures.

Pairwise Mean total
comparison integrator response t Value
22,5° ¢ 5.971 2.1gN.S.
vs

9.8° C 5.574
22.5° C 5,971 3,39%¥
Vs

4,1° ¢ 5.326

9.8° C 5.574 1.30N.S.
vs

4,1° ¢ 5.326

K%

Values significantly different at the 1% level.

N.S

Log of sum of all individual peaks.

‘Values not significantly different at the 5% level.

TABLE 7f. Pairwise comparison of mean number of peaks/
chromatogram for a mixed E. carotovora infection
(EMX) averaged over three incubation temperatures,

Pairwise Mean number of peaks/

comparison chromatogram t Value
EMX 11.91
vs 9. 7**
Control 9.83

%k
Values significantly different at the 1% level.



TABLE 7g. Pairwise comparisons of means
number of peaks/chromatogram for the
temperatures.

147

of the average
three incubation

Pairwise Mean number of peaks
comparison chromatogram t Value
22.5° ¢ 8.77
vs 3.32%%
9.8° C 7.93
22,5° C 8.77

*k
vs 7.63
4,1° ¢ 6.76
9.8° C 7.93

*%
vs 4,44
4,1° ¢ 6.76
*%k

Values significantly different at the 1% level.
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temperature also produced a significantly (P = 0.01) greater mean number of
peaks/chromatogram than at 4.1° C.

The mean peak areas (LOGlO) and PTPA values for the major peaks in the
chromatograms of the experimental treatments are presented in Table 7h;
the corresponding chromatogram signatures are presented in Tables i, j,
and k (see REFERENCE TABLE D for peak identification).

The metabolites which, according to the test statistics in Table 7h,
could potentially be used to differentiate between the volatiie profiles of
the experimental treatments are summarized in Tables 71, m, and n. The EMX
22.5° C treatment could be differentiated from the corresponding control on
the basis of production levels of methanol (EMX »>CO). No significantly
different PTPA values were recorded. The EMX 9.8° C treatment could be
differentiated from the corresponding control on the basis of production levels
of methanol (EMX D> CO) and the PTPA values for methanol (EMX ) CO) and the
compound K (CO» EMX), The EMX 4.1° C treatment could be differentiated from
the corresponding control profile on the basis of production levels of methanol
(EMX > CO) and ethanol (EMX > CO) and the PTIPA values for ethanol (EMXY CO).

The EMX 22.5° C treatment could be differentiated from the EMX 9,8° C
treatment on the basis of the PTPA values for methanol (EMX 9,8° C » EMX 22,5°
C), ethanal (EMX 22.5° C»EMX 9.5° C), and 3-hydroxy-2-butanone (EMX 9.8° C
S EMX 22,5° C). The EMX 22,5° C and EMX 4.1° C treatments had significantly
different production values for ethanol (EMX 22,5»EMX 4.1) and significantly
different PTPA values for methanol (EMX 4,1» EMX 22.5), ethanal (EMX
22.59EMX 4.1), and compound K (EMX 4,1 EMX 22.5). The EMX 9.8° C treat-
ment could be differentiated from the EMX 4.1° C treatment on the basis of
the average production levels for methanol (EMX 9.8 EMX 4.1) and on the

basis of the PTPA values for methanol (EMX 4.1 EMX 9,8), 3~hydroxy=-2-butanone

(EMX 9.8 EMX 4.1), and compound K (EMX 4.1>EMX 9.8).



TABLE 7h., Areas of chromatogram peaks averaged over the incubation period for a mixed E.

carotovora infection (EMX) held at three incubation temperatures,

I-Htydroxy-
Methanol Bthanal Ethanol 2-Propanol RT = 7.1 min C~4 Pks 1-Butanol RT = 12.7 min 2-Butanone RT = 17.8 min

Areal) pTPAZ) Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA
EMX 22,5° ¢ 4,27 at* 1.36 d 4.38a 2,77 2 4,78a 5,14 a 3.82a 068a 3.37a 0.58a 4.73a 9.33 a 4,32 a 1.66a 0.99a 0.02 a 2,96 a  1.45 1.69 2 0.56 ¢
Control 22,5°C T ¢ T 4 3.78a 2.38ab 2.80ab 0.3la 2.45a 0.18a T a T a 3.632 lbha 2.41a 1,192 T a T a 339a 0.88 2,358 L.13 ¢
EMX 9.8°C 5.04a 18,28 b 1.42 ab 0.22 ¢ 4.65a 9.16a 3.25a 1.52a 2.40 8 0.59 a 4,498 6.70a 3.86a 2.39a 1l.45a 0.75a 4,67 a 7.27 3,51a 2.25 ¢
Control 9.8°C 3,91 b 10,56 ¢ T b T ¢ 2.748b 0.75a 2,78a 1,13a 2.65a 0.81a 3.28a 3,31 a 3,47 a 3.8l a T a T a 3.65a 8.00 4,09 a 17.19 a
EMX 4,1°C 4,8 8 31,52 a 2,76 ab 0.81 bec 2.3% b 1.10a 3.49a 1l.56a 2.05a 0.83a 2.4ba 2,448 241a 3.23a 1.27a 1,06 a 4,15a 2.88 3.75a 5.28 b
Control 4.1°C  4.01 b 24,75 ab 3.40 & 2,25 ab T ¢ T a 2.8a 2.38a T a T a 2.,69a 1,13a 3.50& 4.63 a T a T a 2.91 a 14,50 2.86a 6,75 b
X 22.5°¢C 4,14 a 8.73 b 3,0La 1,59 a 4.50a 6.398 3.41a 099a 2.5 a 0.52a 4.50a 7.28a 3,90a 1,93a 1,08a 0.34a 3.77 a  3.97 2.58a 1,38 ¢
X 9.8°¢C 3,91 a 10,56 b 0.41 & 0.16 a 2.7 8b 0.75a 2.78a 1,13a 2.65a 0.81a 3.29a 3,31a 3.,47a 3.81a 0.91a 0.11 2 3.65a 8.00 4,09 a 17.18 a
X 41%c 4,63 a 29,83 a 2.91a 1,17 a 1.76 b 0.83a 3.33a 1,77a 1.54a 0.63a 2.50a 2.1 a 2,68a& 3,58a 0.9 a 0.80a 3.84a 5.78 3.53a 5.98 b
X EMX 4,71 a 15.74 a 2.86 a 1.31 a 4,07 a 5,50 a 3.52a 1,22 a 2.66a 0,65a 4,028 6.49a 3,63 a 2,35a 1.23 a 0.56 a 3.90 a 3.95 2,92a 2.59 b
X Control 2,66 b 11,77 a 2.39 a 1.54 a 1.85 b 0.,35a 2.69a 1,23 a 0.88a 0.27 a 3.20a 1,96a 3.13a 3.20a T a T & 3.32a 7.79 3.10a 8.35a

*yalues within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test of ordered means.

T = Trace.

1)Total ares (Log of integrator units).

2)

Percentage of total peak areas,

6%T



TABLE 7i.

Chromatogram signatures between a mixed E., carotovora

infection (EMX) and non-inoculated controls (CO) at three
incubation temperatures,

Treatment

Signatured) for areasb)

Signatures for PTPAC)

EMX 22.5°

co 22.5°

EMX 9.8°

cF'BGc'aAD I'EYT K B

i e
F ]

T |
s 1crFrlcRIEDHB

f s

KAI1GFECID: bhj

I

hixE

KA'GBE I F : cdhj

Focpu: i

FCcBDGIAKIEHN

BKFGIEC: adhj

ACTHFRGHE D Q

JK]A‘I GFED C\: bhj

ARKGIFECHDE : j

S GV Uy

I KG'BETF : cdhj

a

)Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same bracket.
Traces are given as small letters.

Log peak areas.

c)

Percentage of total peak areas.

150
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TABLE 7j. Chromatogram signatures of volatile profiles recorded at
three incubation temperatures.

Treatment ) Signaturea) for areasP) Signatures for PTPAC)

ARKIGFEBCHD : j

4,1° ¢
e e
9.8° C RtcFc KEJDHB ACIF JK'GEDEHB
= ‘
22.5° C FcBcaIbDEKJIH FIC’B“-DGKIAJ‘EH\

a

)Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same bracket.
Traces are given as small letters.

b)

C)Percem:age of total peak areas.

Log peak areas.

TABLE 7k, Chromatogram signatures for a mixed E. carotovora infection
(EMX) and control treatments.

Treatment Signaturea) for areasP) Signatures for PTPAC)

EMX MlcF1GEKSB D“Ji ! AFL kB pEH
FTGREABCD : b 'A’K;IGFBE\CJ’:hj

Control

a) )

Peaks significantly (P = 0.05) different from one another at
Duncan's test for ordered means are not enclosed by the same bracket.
Traces are given as small letters,

b)Log peak areas.

Percentage of total peak area.
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TABLE 71. Comparison between chromatogram signatures for a mixed
E. carotovora infection (EMX) and non-inoculated controls (CO)

——

at three incubation temperatures.

Characters Distinguishing Between Treatmentsa)

EMX 22.5° C EMX 9.8° C EMX 4.1° ¢
Area®  PTPAS) Area  PTPA Area  PTPA
co 22.5° C A * . . .
EMX 9.8° C * ABI . . . .
co 9.8°¢C . . A AR . .
EMX 4.1°C c ABK C AIK . .
co 4.1°¢C . . . . AC I

a

)Characters which differ significantly between the treatments.
Log peak areas.

c)
Percentage of total peak areas.

*
No characters significantly different.
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TABLE 7m. Comparison between chromatogram signatures for the
volatile profiles recorded at three incubation temperatures.

Characters Distinguishing Between Treatmentsa)
9.8° C 22,5° C
Area®)  pTPAS) Area  PTPA
4.1° C J AK C AR
9.8° C . . * K

a)Characters which differ significantly between the treatments.

b)Log peak areas.

C
)Percentage of total peak areas.

*
No characters significantly different.

TABLE 7n. Comparison between chromatogram signatures for a
mixed E. carotovora infection and control treatments.

Characters Distinguishing Between Treatments®)

E. carotovora Infected

AreaP) ' PTPAC)

Control AC K

a
)Characters which differ significantly between the treatments.

b)

C)Percentage of total peak areas.

Log peak areas.
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When the experimental data were pooled according to the three incubation
temperatures the volatile profiles for the experimental trial incubated at
4.1° C could be differentiated from the profiles at 9.8° C on the basis of
the production levels of compound J (9.8 > 4.1) and on the basis of the PTPA
values for methanol (9.8 > 4.1), and compound K (9.8 > 4,1). The 22,1 and
4.1° C treatments could be differentiated on the basis of the production
levels for ethanol (22.5>4.1) and the PTPA values for methanol (22.1>4.1),
and compound K (4.1>22.5). The 9.8 and 22.5° C treatments could only be
differentiated on the basis of the PTPA values for compound K (9.8)> 22.5).

When the experimental data was pooled according to the disease treat-
ments (EMX vs CO) the profiles for the two treatments could be differentiated
on the basis of average production levels of methanol (EMX ) CO) and ethanol
(EMX > CO). The PTPA values for compound K (CO» EMX) were also significantly

different in the volatile profiles of the disease and control treatments,
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Experiment 8: Effect of Incubation Temperature on Volatile Profiles of
Potatoes Infected with E. carotovora var, carotovora and E. carotovora

var, atroseptica

Disease summary. In both experimental trials, disease development

amongst the treatment replicates was relatively uniform. The soft-rot
symptomology appeared to develop more rapidly at the higher (22.8%° C) incu-
bation temperature. All control treatments remained sound throughout the
test periods.

E. carotovora bacteria were recovered from the bacterial seepage of all
inoculated treatments. Tests indicated that none of the variety specific
infections had become contaminated by the opposing E. carotovora variety.
There were no immediately appreciable differences between the populations
of the two E. carotovora varieties at each incubation temperature.

In both trials, populations of secondary microflora were minimal in
comparison to the E. carotovora populations. There were no significant

differences in the size or nature of the secondary microflora communities

at the two incubation temperatures. In both trials, Staphylococcus, E. coli,

and yeasts were the predominant secondary organisms.

Volatile production. The total daily volatile output data for the experimen-

tal treatments in Trial 1 have been plotted as a natural log function in
Figure 8a along with the corresponding best-fit regression lines. The data
in Trial 2 showed similar volatile production patterns. The total daily
volatile output data for the ECC 22.8° Cc (¢ = 0.01), CO 22.8° ¢ (P = 0.05),
ECA 9.8° C (P = 0.05), and ECC 9.8° C (P = 0.01) treatments followed an
exponential pattern of increase over the test period (Table 8a).

The analysis of variance statistics for the total volatile outputs of

the various experimental treatments, averaged over the entire test period,



FICURE 8a, Daily total volatile production and corresponding best-fit
regression lines for the E. carotovora varieties (ECC and ECA) incubated
at two temperatures (Trial 1).
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TABLE 8a. Linear regression equations for the daily

total integrator responses of the E. carotovora
varieties (ECC and ECA) and non-inoculated control
(CO) treatments incubated at two different
temperatures (Trial 1).

Treatment Equation r2
ECA 22.8° C ¢1) = J11.53+0.52%%) 0.46N-S.
ECC 22.8° C y = ol1.74+0.85% 0,75%
co 22.8°¢ y = o10.16+0.46% 0.60"
ECA 9.8°C y = o9-4940.56X 0.55"
ECC 9.8° C y = o9-20)0.57X 0.83"*
co ¢ = ¢9.21-0.21X 0.0sN-S.
1)Y = Total integrator response (integrator units).
2)§ = Incubation period (days).



TABLE 8b. Analysis of variance for means of total inte-
grator responses
period for E, carotovora var, atroseptica or E.
carotovora var. carotovora inoculated potatoes held

at two incubation temperatures.

averaged over the incubation

Source of

variation D.F. S.S M.S. F-Ratio
Trial 1

Disease (D) 2 1.867 0.934 18.74%%
Temperature (T) 1 2.433 2.433 48.86™%
DXT 2 0.538 0.269 5,40%

Error 12 0.598 0.050

Total 17 5.436

Trial 2

Disease (D) 2 1.858 0.929 66.36%F
Temperature (T) 1 5,619 5.619 401,36%*
DXT 2 0.402 0.201 14,36%%
Error 12 0.162 0.014

Total 17 8.041

*¥
Significant at the 1% level.

*
Significant at the 5% level.

1 .
)Log of sum of all individual peak areas (integrator

units).
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are presented in Table 8b. In both trials, the disease (D) treatment (P =
0.01) incubation temperature (T), and DXT interaction (P = 0.05 or 0.01)
effects were found to be statistically significant. The average daily vola-
tile outputs of the ECA and ECC treatments were not significantly different
(P = 0.05). However, both disease treatments had a significantly (P = 0.05)
greater average total volatile output than the controls (i = 50X controls)
(Table 8c). In both trials, the 22.5° C treatments produced significantly
greater average daily volatile outputs than the 9.8° C treatments (P = 0.05)
(Table 8c).

In both trials, the significance of the DXT interaction stemmed from the
fact that at 22.5° C the ECC treatment consistently produced greater total
volatile outputs than the ECA treatment, whereas at 9.8° C the ECA treatment
produced the greater average volatile outputs (Table 8c).

Table 8d contains the test statistics for the covariant analysis of the
regression equations derived for the experimental treatments. At the 22.8° C
incubation temperature, the regression equations for the total daily volatile
production levels of the experimental treatments (ECC, ECA, CO) were signi-
ficantly different (P = 0.01) but the slopes of the lines were not different
(P = 0.05). At 9.8° C, the ECA and ECC regression equations were not sig-
nificantly different (P = 0.05), but both disease treatments could be differ-
entiated from the CO volatile production response.

When each E. carotovora variety was compared at the two incubation temp-
eratures, the slopes for the regression lines were not significantly (P = 0.05)
different, however, in all cases the overall equations at the two incubation
temperatures were significantly (P = 0.01) different.

In both trials, all recorded chromatogram peaks were common to the vola-

tile profiles of the diseased treatments (REFERENCE TABLE C). The average



TABLE 8c. Means of total integrator responsesl) averaged over
the incubation period for E. carotovora var. carotovora
(ECC) or E. carotovora var. atroseptica (ECA) infected
potatoes incubated at two temperatures.

Trial 1 Trial 2

Treatment Means Treatment Means
ECC 22.5° 6.247 a* ECC 22.5° C 6.181 a
ECA 22.5° 5,741 ab ECA 22,5° C 5.685 b
ECA 9.8° 5.219 bc co 22.5°¢C 5,156 ¢
co 22.5° 5.103 ¢ ECA 9.8°¢C 4,841 cd
ECC 9.8° 4.982 ¢ ECC 9.8°¢C 4,647 d
co 9.8° 4.684 ¢ co 9.8°cC 4,182 e
X 22.5° 5,697 X 22.5°¢cC 5.674 a
X 9.8° 4,962 b X 9.8°c¢C 4,557 b
X ECC 5.615 X ECC 5.414 a
X ECA 5.480 X ECA 5,263 a
X co 4,893 b X CO 4.669 b

*
Values within columns followed by the same letter are not
significantly (P = 0.05) different by Tukey's test of

ordered means.

1)Log of sum of all individual peak areas (integrator units).
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TABLE 8d.

Analysis of covariance for regression equations calculated
for the daily total integrator responses
varieties (ECC and ECA) incubated at two different temperatures,

for the E. carotovora

Pairwise F Test for similarity
comparison F Test for slope between lines
ECcA 22.8° C .
vs 1.43N-5. 11.37
ECC 22.8° C
ECA 22.8°C
v 0.01N.S. 16.17°F
co 22.8°¢
ECC 22.8°¢C S
vs 1.29N>- 43,81%%
co 22.8°¢
ECA 9.8°C
vs 0.01N-S. 1.86N-5-
ECC 9.8°C
ECA 9.8°¢C
vs 4.00% 11.99™%
co 9.8° C
ECC 9.8°¢C
vs 14.00%* 15.45%F
co 9.8° ¢ :
ECA 22.8° C o
vs 0.01N.S. 53.33
Eca 9.8°¢C
ECC 22.8°¢C o
vs 2.14N-S. 222.61
ECC 9.8°¢C
co 22.8°¢c S o
vs 2.76N5- 18.83
co 9.8° C

Kk
Pifference significant at the 1% level.

N.S.

Difference not significant at the 5% level.

Din of integrator values.
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TABLE 8e. Analysis of variance for mean number of peaks/
chromatogram averaged over the incubation period for
E. carotovora var. carotovora or E. carotovora

var., atroseptica infected potatoes incubated at two

temperatures.

Source of

variation D.F. S.S. M, S. F«Ratio
Trial 1

Disease @™ 2 14.51 7.25 13.61°F
Temperature (T) 1 34.31 34,31 64,377
DXT 2 1.33 0,67 1.21N.8.
Error 12 6.40 0.55

Total 17 56 .42

Trial 2

Disease (D) 2 26,40 13,20 52,8 *%
Temperature (T) 1 10.73 10.73 42,9 **
DXT 2 2.22 1.11 4ot ¥
Error 12 3.01 0.25

Total 17 42,36

*k
Significant at the 1% level.

*
Significant at the 5% level.

N.S

‘Not significant at the 5% level.



TABLE 8f. Mean number of peaks/chromatogram averaged over

the incubation period for E. carotovora var., carotovora

(ECC) or E. carotovora var. atroseptica (ECA) infected

potatoes incubated at two temperatures.

Trial 1 Trial 2

Treatment Means Treatment Means
ECA 22.5° C 10.4 a” ECC 22.5° 7.8 a
ECC 22.5° C 9.3 ab ECA 22.5° 7.3 ab
co 22.5°¢C 7.6 bc EcA 9.8° 6.2 bc
ECA 9.8° C 7.0 «<d ECC 9.8° 5.6 cd
ECC 9.8° C 6.6 cd co 22.5° 4.8 d
co 9.8°¢C 5.5 d co 9.8° 3.4
X 22.5°¢C 9.1 X 22.5° 6.6 a
X 9.8°¢c 6.4 b X 9.8° 5.1 b
X ECA 8.7 X ECA 6.7 a
X ECC 8.0 a X ECC 6.7 a
X Co 6.6 b X co 4,1 b

*
Values within columns followed by the same letter are not
0.05) different by Tukey's test of

significantly (P =
ordered means,
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pumber of peaks/chromatogram for the ECC and ECA treatments were not signifi-
cantly different in either of the trials (P = 0.05) (Tables 8e and 8f). Both
disease treatments had a significantly (P = 0.05) greater mean number of
peaks/chromatogram than the controls (Table 8e). The 22.8° C treatments also
had a significantly (P = 0.05) greater average number of peaks/chromatogram
than the 9.8° C treatment. In Trial 1, the DXT interéction effect was not
significant (P = 0.05) in the analysis of variance of the mean nunber of peaks/
chromatogram (Table 8e). In Trial 2, the DXT effect was significant (P =
0.05) as at 22.8° C ECC>ECA, while at 9.8° C ECA) ECC.

The mean peak areas (LOGlO) and PTPA values for the major peaks in the
chromatograms of the ECC, ECA, and CO treatments are listed in Table 8g;
the corresponding chromatogram signatures are presented in Table 8h (see
REFERENCE TABLE D for peak identification). The metabolites which, according
to the test statistics in Table 8g, could potentially be used to differentiate
between the ECC, ECA, and CO treatments are summarized in Table 8i., In both
trials, the peak areas and PTPA values for a number of components in the vol-
atile profiles of the disease treatments were found to be significantly
different. However, there was very little correspondence between the diag-
nostic characteristics established in the two trials. In the peak area
comparisons, in the majority of cases differentiation between the disease
treatments and the controls was due to greater outputs by the diseased treatments.

The peak areas (LOGjg) and PTPA values, averaged over the incubation
period, for the major peaks in the chromatograms of the incubation temperature
treatments are listed in Table 8g. Table 8j contains the chromatogram sig-
natures for the mean volatile output and PTPA values. The metabolites, which
according to the test statistics in Table 8g could be used to differentiate
between the volatile profiles at the two incubation temperatures, are summar-

ized in Table 8k. 1In both trials, the two incubation temperatures produced



TABLE 8g. Areas of chromatogram pesks averaged over the incubation period for the disease treatments (ECA, ECC and CO) and the two incubation temperatures.

. 3~Hydroxy-
Methanol Rthanal Ethanol 2~Propanol RT = 7.1 min C-4 Pka ) 1-Butanol RT = 12.7 min ' 2-Butanone RT = 17.8 min

Areal)  PTPAY)  Ares PTPA Ares PTPA Area PTPA  Ares PTPA Area PTPA Area PTPA Area PIPA Ares PTPA Area PTPA
Irial 1l ) .
zCA 4.16 a* 18.00 1.5 a 3.26a 3.79a B8.32s& 1.85 b 2.16a 2.09a 0.60a 3.17a 272 b 3.59a 9.16a T b T & 2.18 b 2,362 4.26a 19.88a
BCC 3.88a 12008 2178 S5.47a& 3.00a 8.83a 3.66a 3.83a 0.51a 0.10a 3.93a 13.53s 3478 7.57ab 1L3ka 0178 41la 95.30& 2.55a 11.07a
co 6,068 17.20a 0.52a 0.20a 1.03 b 040a 1,08 b T a 093a T a 1.82e 220 b 3.22a 230 b T b T & 2.00 b 3.60a 1.58a 2.50a
22.8°C 6.95a 19.30e 0.48 b 0.03 b 4.l4a 11,73a 3.81a 230s 0.53a 003a& &454a 12.73a 3.33e 1,03 b L36a 0178 4224 5678 3478 5.90a

9.8°C 3.22a 11,51a 2,70a 7.03a 2,02 b 3,5 b 1,51 b 2.85a 1.74a 04%9a 2,27 b 3,26 b 3,60a 12.80a T b T a 2,06 b 6.00 a 2.70 8 19.3 a

Triat 2

BCA 4,40 a 21,528 0.46 b 0,72 8 3.70a 10.52 a 2.59a 0,888 2.82a 1.72s& 2.33a 3.16 a 4.22a 13,12 a 3,268 1,72 a 3.,82a 5,68 a 2.68 a 7.68 a
ECC 2,97a 5.00 b 2.79 eb S5.48 s 2,43 8 12,08 a 1.16 8 2,76 a 2.,46a 9.08a 1.5 a 0.96 a 3,79 a 20.80 s 2,508 3,168 2.89a 4,92 a 2,89 a 8.64 a
co T T b 3,70a 9.80 2 2,26 a 3.00 = T a T a 2,12a 2,202 1.22a T a 2,23 b 21.00 a T » T a 1,42 a 0,60 a 2.4 a 1.60 a

22.8°¢C 4,268 19,788 1.23 2 2.03a 4,70a 18,53 & 1,66 a 0,53 & 3.67a 3.50a 1,548 0.53 a 4.92a 21,43 a 2.57a 1,478 3.50a 1,63 b 4,51 a 11,27 s
9,8°C 2,25 b 2.80 b 2.51a 5.72a 1.26 b 0,96 b 1,76a 3.00a 1.30 b 7.04a 1.38a 3.488s 3.00 b 12,40 b 2.,67a 3,12a 2,80 a 8,76 a 0.85 b 3.12 a

*yalues within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test of ordered means.
T = Trace.

Drtotal area (Log of integrator unit values).
z)hrcenngn of total peak areas.

99T
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TABLE 8h. Chromatogram signatures for E. carotovora var.
carotovora (ECC), E. carotovora var, atroseptica (ECA),
and non-inoculated controls (CO) averaged over two
incubation temperatures.

Signaturea) for areasb) Signature for PTPAC)

Trial 1
ECA }KAiciGFJ‘IBD\E‘:h KalcsGFDIBE:h

L
ECC TFaADGlC KQ}ﬂEJB\

e ey

s
FAKICGDHEUJ:b

co AGJIBFKCDEH AT KFCJ': bdeh

Trial 2

ECA rAGCIIHEKDOF{Bk:j Ia Gf"c'-}KIF‘EHDB\:j
{

ECC GAIKHECBEDJ IGlcEXAIHDFBJ

co [cckFEI: abdhj Ic/c\E K T' : abdfhj

8)peaks siegnificantly (P = 0.05) different from one another
g

by Duncan's test for ordered means are not enclosed by the

same bracket. Traces are given as small letters.

b)Log peak areas.

C)Percentage of total peak areas.
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TABLE 8i. Comparisons between signatures for E. carotovora var,
carotovora (ECC), E. carotovora var,. atroseptica (ECA), and
non-inoculated control (CO) treatments averaged over two
incubation temperatures.

Characters Distinguishing Between Treatmentsa)

ECC ECA
Areasb) Trial 1 Trial 2 Trial 1 Trial 2
ECC . . DHI *
Cco CDHI AG C ARG
pTPACS)
ECC . . F A
Cco DF * G A

Characters which differ significantly between the
treatments.

b)Log peak areas.
C)Percentage of total peak areas.

*
No characters significantly different.
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TABLE 8j. Chromatogram signatures, averaged for the disease
treatments at two incubation temperatures.

Signaturea) for areaP) Signature for PTPAC)
Trial 1
I’-—_———V "
22.8° C a7 T ¢ p kK'6'J B B E Alr 'kt pc B H E|
9.8° ¢ GAKFJICB ED: h IK;GjAjI J CiF DlB E\: h
Trial 2
22.8° ¢ leclk a EiI;H;D FiB J\ lcTa C]KUE I H\F DBJ
9.8° C G aabcrERs - [GTTEFCHARKDB : j

a)Peaks significantly (P = 0,05) different from one another by
Duncan's test for ordered means. Traces are given as small
letters.

b)

C)Percentage of total peak areas.

Log peak areas.

TABLE 8k. Comparisons between signatures averaged for the
disease treatments at two incubation temperatures.

Characters Distinguishing Between Treatments®)

9.8° ¢

b)

Areas pTPAC)

Trial 1 Trial 2 Trial 1 Trial 2

22.8° C BCDFHI ACEGK BCFG ACGI

a . e
)Characters which differ significantly between the treatments.,

b)

c
)Percentage of total peak areas,

Log peak areas.
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significantly different peak production and PTPA values for a wide range of
metabolites. In the peak area comparisons, the 22.8%° C values were usually
significantly greater than at 9.8° C. However, only ethanol (peak area and
PTPA 22.8 > 9.8° C) was a consistent diagnostic factor in the two trials,

The peak areas (LOGjy) and PTPA values, averaged over the incubation
period for the major peaks in the chromatograms of the six experimental
treatments are listed in Table 8l. Table 8m contains the chromatogram sig-
natures for the mean volatile output and PTPA values. The metabolites which,
according to the test statistics in Table 81 could potentially be used to
differentiate between the various treatments, are summarized in Table 8n.
Very few metabolites were found to be diagnostic factors in both replicates
of any of the paired comparisons. Again in peak area comparisons the disease
treatment values tended to be greater than those of the controls and the

29.89 C values were usually significantly greater than at 9.8° cC.



ABLE 81, Areas of chrc-tégm peaks aversged over the incubation period for E. carotovora var, carotovora

incubated at two temperatures.

(ECC) and B. carotovora var, strogeptica (ECA)

Methanol Ethanal Ethanol 2~Propanol RT = 7.1 min C~4 Pke 1-Butanol RT = 12,7 min g:huly::::::: RT « 17.8 min

Areal) pea?) Area PTPA Area PTPA Area PTPA Area PTPA Area PTPA Ares PTPA Area PTPA Area PTPA Ares PTPA
iIcA 22.8° € 5,10 a* 28,80 a T a T 3,87 ab 10,10 ab 3,24 ab 0.60 8 1.60 a 0.10a 3.60 s 4,00 b 3,28 a 1.30 b T b T a 3.98a 2,60 a 3.69a 1.20a
cc 22.8°¢c 5,06 13.47 & 0.99 a ©¢.07 5.01 & 16.47 =« 4,73 a 4,20 a T a ‘T & 5.46a 21,338 3.47 a 0.53 b 2.68a 0.33a 4.45a 7.20 a 3,438 9.33a
0 22.8°C 4,33 a 17,80 s T a T 2,07 be 0,308 2,16 be T a T =& T a 3.65a 4,40 b 3,06 a 2,00 b T » T 4,01 a 7.20 a 3.17a 5,008
iIch 9.8°C 3,53 a 10.80 a 2,60 a 5.40 3.73 ab 7.13 ab  0.92 bc 3.20a 2,42 a 0.93a 2,88ab 1,87 b 3,798 14.40a T b T a 0.99 b 2,20 4,64 a 32,83 a
iIcC 9.89C 2,72 a 10.53 a 3.3 s 10.87 0.98 ¢ 1.20ab 2.60 ab 3.47 & 1,02 a 0.,20a 2,41 &b 5,73 b 3,47 a 14.60a T b T a 3.81a 11.80a 1,66 a 12.80 a
v 9.8°C 3.79a 16,60 a 1,05 a 0.40 T c T b T ¢ T a 1l.86 s T = T b T b 3.40 a 2,60 b T » T a T b T & T s T &
friel 2
tcA 22.8°C S.14 a 33.80 a T b T 4,61 a 16.07 ab 3,32 a 1.07a 377 a 1,73 a 1,34 a 1.07 a 4,42 ab 6,53 ¢ 3.63s 2.60a 3,81a 1.46 ab 4,46 a 12,80 b
icC 22.8°C  5.08 & 8.60 b 1,85ab 1.20 5.28 a 30.00 a T =& T a 4,298 6.80a 1.46 a T a '5.86 & 44.00 a 2,27a 0,508 4.06 8 2.40 ab 5,09 & 13.80 b
30 22.8°C T < T b 3,70 a 9.80 3.82 ab 3.00 b T a T a 2.12a 2,208 1,32 a T a 4,53 sb 21,00 b T a T 1.42 a 0,60 b 3.52a 1,60 b
tCA 9.8°C 3,29 b 3,10 » 1,14 ab 1.80 2.34 b 2,20 b 1.50 a 0.60a 1.40a 1.70a 1,81 a 6.30 a 3,91 ab 23.00 b 2.70 a2  0.40 3.83a 12,00 a T a T b
ieC 9.8°C 1.5 bc 2.60 b 3,43 a 8.33 0.53 ¢ 0.13 b 1,93 a 4,60 a 1,23 a2 10.60a 1.10a 1.60 a 2,0 b 533 ¢ 2.65a 4.93 2,11 a 6.60 ab 1,438 520 b
o 9.8°¢ T c T b 2.93 ab 4,77 2,75 b 3.15 b 3.23 a 9.41a 2.9 a 4.91 a T a T s 3,31 b 11.27 be T = T 3.13a 7.47 ab  3.59 a 21.66 a

*Values within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test of ordered means.

T = Trace.

Drotel area (Log of integrator umit values).

2 Percentage of total peak areas.

TLT



TABLE 8m.

Chromatogram signatures for E. carotovora var. atroseptica

(ECA), E. carotovora var, carotovora (ECC), and non-inoculated
controls (CO) at two incubation temperatures.

Signaturea) for areab)

Signature for PTPAC)

Trial 1
T T
0 x1 1E B
ECA 22.8 AKICFDGJIEB :h
P |
ECC 22.8° FAcChDIGEKHEJIB:e
co 22.8° s IFKGJDC': beh
ECA 9.8° KGCJAFBELID:h
ECC 9.8° FlcapFKE c bhj
co 9.8° [BAJGCE!: dfhik
Trial 2
ECA 22.8° [ACKGIEHDEF : bj
r—.__;[_.'.:f_'.'—_‘. ‘..
ECC 22.8° Gl KAE T BJHEF : d
co 22.8° CC/K'F E I': abdhj
ECA 9.8° CIACHFDBEK : j
ECC 9.8° [HiGIDAKETFC: bj
co 9.8° K1 GDE B Ci: afhj

alcFlkI1pBCJ E\: h

NS ——

A \

FCAK'T DG HJi: be

ADTKFGCJ': bdeh

KGJACDIFBE ::h

K IATFDCE : bhj

Ia G\: bedefhijk

Alc’K'GHE TF D+ bj

GCRKAEIHBJ: df
¢ C/E K I': abdfhj

GIICFAEDHSB k! j

ETGKHDAFC : bj

K[CIDE B C : afhj

a)Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same bracket.

Traces are given as small letters.
b)Log peak areas.

C)Percentage of total peak areas.
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TABLE 8n. Comparisons between signatures for E. carotovora var. carotovora (ECC), E. carotovora var. atroseptica
(ECA), and non-inoculated control (CO) treatments at two incubation temperatures.

Characters Distinguishing Between Treatmentsa)

Characters which differ significantly between the treatments.

)Log peak areas,

c)
Percentage of total peak areas,

*No characters significantly different.

ECA 22.8° C ECC 22.8° C co 22.8° ¢ ECA 9.8° ¢ ECC 9.8° C
Areasb) Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2
Eca 22.8° C
[+]
Ecc 22.8° ¢ H D
co 22.8° ¢ * ABDH CDH A
ECA 9.8° ¢ 1 c DHI C 1 A
Ecc 9.8° ¢ c ABC cH ACG * c coI c
co 9.8°¢ CDFI AC CDFHI ACG FI * * A cpL c
pTPAS)
ECA 22.8° C
ECC 22.8° C F AG
co 22.8° ¢ * AG F cG
EcA 9.8°C c AG FG cG G 1
EcC 9.8° ¢ G A FG cG G G * G
co 9.8°¢ C AK CFK CGK * K G K G K
a)

€Ll
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Experiment 9: Effect of Inoculum Size on Volatile Production and Temperature
Effects on Trap Performance

Disease summary. In both trials, disease development amongst the treat-

ment replicates appeared to be relatively uniform. There were no appreciable
differences between the patterns or rates of disease development in the large
and small inoculum-size treatments. All control treatments remained sound
throughout the test period.

E. carotovora bacteria were recovered from the bacterial seepage of all
inoculated treatments. Tests indicated that both varieties of E. carotovora
bacteria were present at the end of the incubation period in all inoculated
replicates. In both trials, the populations of secondary microflora were
relatively low in comparison with the E. carotovora populations. In Trial 1,

E. coli, Staphylococcus, and Clostridium were the predominant secondary micro-

organisms. In Trial 2, yeasts and E. coli were predominant. The final popu-
lations of E. carotovora appeared to be relatively uniform regardless of the

initial inoculum size.

Volatile Production. The analysis of variance statistics for the total

volatile outputs of the various experimental treatments, averaged over the
entire test period, are presented in Tables 9a and b, Over the two trials,
the output from the diseased treatment averaged 25X the output of the controls
(Table 9b). 1In both trials the large inoculum (LI) treatments produced
significantly (P = 0.05) greater average volatile outputs than the small
inoculum (SI) treatments. Over the two trials, the average output of the LI
treatments was approximately 3X greater than for the SI treatments (Table 9b).
In both experimental trials, the trap temperature main effect was not signi-
ficant (P = 0.05) (Table 9a). All two- and three-way interactions were non-

significant.
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TABLE 9a. _Analysis of variance for means of total of peak
areas—/ averaged over the incubation period for a mixed
E. carotovora infection with two inoculum sizes and two
trap temperatures.

Source of

variation D.F. S.S. M, S. F-Ratio
Trial 1

Disease (D) 1 6.32 6.32 41,11%*
Inoc. size (I) 1 1.18 1.18 7.67%
Trap temp. (T) 1 0.06 0.06 0.39N.5.
DXI 1 0.68 0.68 4,53N.8.
DXT 1 0.41 0.41 2.67N: 8.
IXT 1 0.49 0.49 3.19N.5.
DXIXT 1 0.32 0.32 2.138-5-
Error 8 1.23 0.15

Total 15 10.69

Trial 2

Disease (D) 1 8.85 8.85 177.00%*
Inoc. size (I) 1 0.41 0.41 8.20*
Trap temp. (T) 1 0.09 0.09 1,80N.5.
DXI 1 0.04 0.04 0.80N: 5-
DXT 1 0.26 0.26 5.20N-S-
IXT 1 0.01 0.01 0.20N-5.
DXIXT 1 0.121 0.121 2.42N.5.
Error 8 0.39 0.05

Total 15 10.16

Significant at the 1% level,.
Significant at the 5% level.
N.S.Not significant at the 5% level.
1 Log of sum of all individual peak areas.
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TABLE 9b. Means of total daily integrator responsesl) averaged
over the incubation period for a mixed E. carotovora infec-
tion with two inoculum sizes and two trap temperatures.

Trial 1 Trial 2
Treatment Means Treatment Means
X Diseased © 5,59 a* X Diseased 6.08 a
X Control 4.33 b X Control 4,59 b
X Large inoc. 5.27 a X Large inoc. 5.49 a
X Small inoc. 4,66 b X Small inoc. 5,17 b
X 1° C Trap 5.02 a X 1° ¢ Trap 5.41 a
X 22° ¢ Trap 4,90 a X 22° C Trap 5.25 a

*
Values within columns followed by the same letter are not sig-
nificantly (P = 0.05) different by Tukey's test for ordered means.

1)Log of sum of all individual peak areas.
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The regression coefficients for the exponential regression equations
(Table 9¢) indicate that in Trial 1 the total daily volatile outputs of both
the diseased and the control treatments followed an exponential pattern of
increase over the incubation period. The total daily vblatile outputs of
the inoculum size treatments in Trial 1 also increased exponentially over
the duration of the test (Table 9c¢). Covariant analysis indicated that the
diseased and control treatments in Trial 1 had significantly different
regression slopes (P = 0.01) and general regression equations (P = 0.01)

(Table 9d). In the inoculum size analysis, the regression lines were found

to have significantly different slopes (P = 0.01), but the regression equa-
tions were not significantly different (P = 0.05). The total volatile out-
puts of the disease~type and inoculum-size treatments in Trial 2 followed
the same general pattern as in Trial 1, but were much more variable.

In both trials, all recorded chromatogram peaks were common to the
volatile profiles of both the inoculum-size treatments (REFERENCE TABLE C).
The analysis of variance statistics for the mean number of peaks/chromatogram,
averaged over the entire incubation period, are presented in Tables 9e and f.
In both trials, the disease variable was the only main plot factor to show
statistically significant differences between the treatments. In both trials,
the E, carotovora infected treatment exhibited a significantly (P = 0.01)
greater average number of peaks/chromatogram than the control treatment. All
two- and three~way interactions were non-significant.

The peak areas (LOGjp) and PTPA values, averaged over the entire incuba-
tion period, for the major peaks in the chromatograms of the disease treat-
ments, the inoculum-size treatments, and the trap-temperature treatments are
listed in Table 9g. Tables 9h, i, and j contain the chromatogram signatures for

the mean peak areas and PTPA values (see REFERENCE TABLE D for peak identificatior
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TABLE 9¢. Linear regression equations for the daily
total integrator responses for a mixed E.
carotovora infection with two inoculum sizes.

Treatment Equation r2
- %2)
X Diseased Yl) = e8'37+0'90X 0.54**
X Control Y = e3'24+0‘45x 0.63*
X Large inoc. Yy = e8:0641.22X 0.76**
X Small inoc. Y = 8-67+0.59X 0.81%%

1 . . .
)Y = Total integrator response (integrator units).

z)i Incubation period (days)

Hok
Significant at the 1% level.

*
Significant at the 5% level.

TABLE 9d. Analysis of covariance for the linear regression
equations calculated for the daily total integrator res-
ponsesl) for a mixed E. carotovora infection with two
inoculum sizes.

Pairwise F test for similarity
comparison F test for slope between lines
Diseased

vs ‘ 9,777 20.75%*
Control

Large inoc.

K%
vs 30.67 2,56N5¢
Small inoc.

*dk
Difference significant at the 1% level.

N.S.
1)Difference not significant at the 5% level,

Ln of integrator units.
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TABLE 9e., Analysis of variance for mean number of peaks/
chromatogram averaged over the incubation period for
a mixed E, carotovora infection with two inoculum
sizes and two trap temperatures.

Source of
variation D.F. S.8. M.S, F-ratio
Trial 1
Disease (D) 1 18.49 18.49 14,01%%
Inoc. size (I) 1 4.95 4.95 3,75N-S.
Trap temp. (T) 1 1.51 1.51 1.14N-S.
DXI 1 2.60 2.60 1.97N.S.
DXT 1 0.55 0.55 0.42N.8S.
IXT 1 0.01 0.01 0.01N-S.
DXIXT 1 0.31 0.31 0.23N.S.
Error 8 10.58 1.32 '
Total 15 39.00
Irial 2
Disease (D) 1 46,58 46.58 60,20™
Inoc, size (I) 1 1.16 1.16 1.50N.S.
Trap temp. (T) 1 2.48 2.48 3,20N. 8.
DXI 1 0.33 0.33 0.43N.S.
DXT 1 12.71 12.71 16.43N.S.
IXT 1 0.14 0.14 0.18N:5-
DXIXT 1 2.18 2,18 2.82N. 5.
Error 8 6.19 0.77
Total 15 71.81

*

*
Significant at the 1% level.

N.S.Not significant at the 5% level.
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TABLE 9f., Mean number of peaks/chromatogram aver-
aged over the incubation period for a mixed
E. carotovora infection with two inoculum

sizes and two trap temperatures.

Means
Treatment

Trial 1 Trial 2
X Diseased 6.4 P 9.4 a
X Control 4,2 b 6.0 b
X Large inoc. 5.8 a 8.0 a
X Small inoc. 4.7 a 7.4 a
X 1° ¢ Trap 5.6 a 8.1 a
X 22° ¢ Trap 5.0 a 7.3 a

Values within columns followed by the same
letter are not significantly (P = 0.05)
different by Tukey's test for ordered means.



TABIE 95,

Al;“l of chromatogram peak averaged over the incubation period for a mixed E,

carotovora infection with two inoculum sizes and two trap temperatures.

: 1-Propanal/ 3-Hydroxy-
Mathanol Kthanal Ethanol 2-Propanone RT = 7,1 min C=4 Pks 1-Butanol RT = 12.7 min 2-Butanone RT = 17.0 nin
Areal) PIPA?)  Ares PTPA Ares PTPA Ares  PTPA Ares PTPA Ares PIPA Ares PTPA  Area PTPA Ares PTPA Area PIPA
¥

Irisll

Dissased 3.15 a" 1.19a 4.61a 8.4 4,57 a 34,19 a 0.89a T a 3.4l a 5.08a 2,72a 0,41 & 4.31 8 4,47 b 3,508 6. a 3,67 a 8.58a 3.7 a 0.42a
vs

Control 0.85a 4.138 0,5 b 2,75 1.61 b 4,13 b T a T a 1.96 b 1,04 a 0,69 b 2.046 a 0.70 b 6,60 a 3.30a 9,74 a 2.27 b 12,81s 0,93 b 579

L, Inoc. 2.668 6,67a 2.89a 3.69 4,12 a 33,72 a 0.6 & 0.03 a 3.59a 4,032 2,658 1,97 a 3.88 a 6,00 a 3.54a 9.66a 2,82 9,208 2.93a 2,722
vs -

8, Incc, 2.108 4.,33s 2.80a 9.42 3.05a 14.61s 0.5 a 1.50a 2.26 b 0.75a 1.43a 1.03a 2,332 '3.11a 3.33a 1597 3.61 13,61 a 2,682 5.284a

1°¢ 2.4l a 6,738 2,508 5.45 3.97a 29.09 a 0.55a 0.02 a 3.33a 4,07 a 2,12 a 0,40 4@ 2,94 a 2,95 a 3.41a 11,90 a 3.48a 12,368 3,32a 5.77a
vs .

22.8°C 1.96a 3.14a 3,148 6.86 2.89 a8 1508 a 0.66 & 1.50 a 2.48a 1,258 1.6l a 2.53a 2.78 a 5.67 & 3.31a 14,98 a 2.95a 13.81a 1,962 1.90a

Trisl 2

Disessed 4,79 & 4,88a 0.6l a T 3.03a 15,13 a 1.11a 0,03 b 4,22a 4,09 a 3.5 a 0,53 a 5.32a 46,25 a 3.15a 0,88 b 4,20 a 4,66 a 4,198 1.6l a
va

Control 3,13 b 3.25a T = T 2,95 a 4,50 a 1.56 a 1,25 & 2.49 0.75 & T =& T a 3.74 b 10,75 b 3.74 a 16,75 a 3,69 a 8.50 a T P T e

L. Inoe, 4.,80a 3,758 1.22a T 4,52 a 11,63 a 1,252 T a 4,318 4,63 a 4,198 2,69 a s.16a& 45.31a '2.92a 1,318 4,58 a 5.06 s 3.97a 1.25a
vs

8, Inoc. 4,788 6.00a T a T 3.53 a8 18,63 a 0,98 a 0.06 a 4,14 a 13,56 a 2,97 a 0.,38a 5.046 b 47.18 a 3.33a 0,44 3.82 a 4,25a 341 a 1.67 a

1°c 4,498 3,608 0.45a T 4,508 14,20 a 2.09a 0.30 a 3.90a 3.00a 2.33a 0,10 b 4,8 b 39.75a 3.8 a 3.55a 3.93 a 6.25a 3,22 b 0.65 b
ve

22,8° C 4,76 a 6,062 0,66 a T 5.42 & 13,63 a T a T b 4.20a2 4.63 s 4,25 a 0.94 & 5,48 a 45.50 a 3.69a 1,5 b 4,41 a 3,638 4,35a 2.00a

T = Trace.
Drotal ares ‘(Log of integrator units).
Z)Percentage of total peak areas.

*Values within columns followed by the same letter

are not asignificantly

(P = 0.05) different by Duncan's test of ordered means.

18T



TABLE 9h. Chromatogram signatures for E. carotovora infected and
non-inoculated control treatments.

Trial 1
Signaturea) for areasP) Signature for PTPAC)
. P W““""":‘:"’““
Diseased ClckIHEABETD CII’H'BiGAK—\\FE\J‘-: d
Control lfxi1seEcacrF: dj HIKAECBGEF : dj
Trial 2
Signature for areas Signature for PTPA
==\ - \.
Diseased GAE IKF HCIDEB GCAIEKHFJID:b
\
Control HHEGCKACEDBF : j HKHGCDAEB : fj
a)

Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same
brackets. Traces are given as small letters.

b)Log peak areas.

c
)Percentage of total peak areas.
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TABLE 9i. Chromatogram signatures for large and small inoculum
size treatments.

Trial 1
Signaturea) for areasP) Signature for PTPAC)
Large 4 i
inoculum CGEHKBIAFJ:4 clHIAGEKBFJ :d
Small B e & : _M“‘ r,,_zﬁ;_:"i‘:_ju | ’
inoculum fTHcBKGEAFJID HicCI/BKAGFE : dj
Trial 2
Signature for areas Signature for PTPA
Large S e S .
inoculum GAIEKFHCID:b GICIEAKHFJ!: bd
Small , .
inoculum GAKEICHFDJ:b cc/AITEKHFD : bj

a)Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same
bracket. Traces are given as small letters.

Log peak areas.

c
)Percentage of total peak areas.



TABLE 9j. Chromatogram signatures for trap temperature treatments.

Trial 1

Signaturea) for areasP) Signature for PTPAC)

1.0° C CinEcs ATk : a cTHEABEGKE: dj
22.8° ¢ KHEBICEGE a2 ol ch fils & calF & J\ : d

(o]

Trial 2
Signature for areas Signature for PTPA
I 7’7 ----- o e ‘
1°c GALEKCEHFDJI B clc’KIABEDE : bj

,.———;:“ﬁ“ | e
22.8° C [ca’'t ¥ KE 5'c'J B D GCIAHEKDEFBJ

a

)Peaks significantly (P = 0.05) different from one another by
Duncan's test for ordered means are not enclosed by the same
bracket. Traces are given as small letters.

b)Log peak areas.

c)Percentage of total peak areas.

184
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The metabolites which, according to the test statistics in Table 9g could
potentially be used to differentiate bétween the chromatograms for each
treatment, are summarized in Tables 9k, 1, and m.

In the disease treatment analysis, the peak areas of a number of meta-
bolites were found to be significantly different between the E. carotovora
infected and control treatments. l-Propanol, 1-butanol, and compound K
were found to be consistent diagnostic factors in both trials. In all cases,
the average output of these compounds by the diseased treatments was signi-
ficantly greater than that of the control treatments. Only l-butanol was a
consistent diagnostic factor in the PTPA values of the two trials. However,
in Trial 1, 1-butanol was of greater relative importance in the control treat-
ment, while in Trial 2, the PTPA value for l-butanol in the diseased treat-
ment was significantly greater than in the control treatment.

In the inoculum-size analysis, there were few significant differences
between the volatile fingerprints for the two inoculum sizes.

In the trap temperature analysis, there were relatively few diagnostic
factors and the degree of correspondence between the results in the two

experimental replicates was low.,



TABLE 9k, Comparisons between signatures for E. carotovora infected
and non-inoculated control treatments.

Characters Distinguishing Between Treatmentsa)

Control
AreasP) Trial 1 Trial 2
Diseased BCEFGIK AEGK
pTPAS)
Diseased CG DGH

Characters which differ significantly between the treatments.

b)

Log peak areas.

c
)Percentage of total peak areas.
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TABLE 91, Comparisons between signatures for large and small
inoculum size treatments.

Characters Distinguishing Between Treatments?®)

Small Inoculum

Areab) Trial 1 Trial 2
Large

inoculum E F
PTPAC) Small Inoculum

Large

inoculum * *

a)Characters which differ significantly between the treatments.

Log peak areas.

Percentage of total peak areas.

*
No characters different.
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TABLE 9m. Comparisons between signatures for trap tempera-
ture treatments.

Characters Distinguishing Between Treatmentsa)

1°c
Areas? Trial 1 Trial 2
22.8° C ¥* GK
prPAS) 1° ¢
22.8° ¢ * DFHK

a)Characters which differ significantly between the treatments.
b)Log peak areas.

C)Percentage of total peak areas.
% No characters different.
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Experiment 10: Volatile Profile of Ring Rot (C. sepedonicum) Infection

Disease summary. The rate and pattern of disease development amongst

the C. sepedonicum inoculated replicates was relatively uniform. The first
signs of disease became apparent on day 7 of the incubation period as the
tubers began to crack and collapse. By day 13, the bulk of the tubers’
vascular and cortical tissues had been destroyed by the pathogen. All con-
trol treatments remained sound throughout the incubation period.

At the end of the incubation period, C. sepedonicum bacteria were iso-
lated from the bacterial seepage of all inoculated treatments. Plating of
the seepage showed that C. sepedonicum was the predominant organism, how-
ever, populations of secondary microflora were large in comparison to the

E. carotovora tests. Staphylococcus, E. coli, and yeasts were the predominant

secondary microorganisms.

Volatile production. The total daily volatile output data from the C.

sepedonicum and control treatments were plotted as an exponential function

in Figure 10a, along with the daily output values from the mixed E. carotovora
infection investigated in Experiment 4. The daily volatile output of the

C. sepedonicum treatments increased steadily until day 9 of the incubation
period and then declined through to day 13. By day 9, the daily volatile
output of the C. sepedonicum treatments was 735X greater than on day 1 (Table
10a). At day 13, the volatile output remained at 75X that of day 1. The
total daily volatile output of the C. sepedonicum treatments was consistently
greater than that of the controls (Table 10a). Averaged over the entire incu-
bation period the volatile output of the infected treatment was approximately

45X greater than for the controls, a difference significant to the 1% level

(Table 10b).



FIGURE 10a., Daily total volatile production for C. sepedonicum, E. carotovora,
and control treatments.
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TABLE 10a. Relative total peak areas!) for C. sepedonicum experiment.

Treatment

Incubation Period (Days)

1 3 5 7 9 11 13

C. sepedonicum

Control

%

0.12) 0.1 0.4 1.3 100.0 21.2  l4.4

0.1 0.1 0.1 0.1 0.1 0.3 0.1

1Y)

C. sepedonicum at day 9 = 100,

2
)Values = peak area/peak area C. sepedonicum day 9 X 100.
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TABLE 10b. Pairwise comparisons of means of total peak areasl)
averaged over the incubation period for C. sepedonicum, E.
carotovora, and control treatments.

Pairwise
comparison

Mean (LOGyqy) total integrator
response

t Value

C. sepedonicum
(day 1-13)
Vs

Control
(day 1-13)

6.46

4,80

9,49%*

C. sepedonicum
(day 1-5)
vs
E. carotovora
(day 1-5)

4,31

6.36

7.51%%

C. sepedonicum
(day 1-13)
vs
E. carotovora
(day 1-5)

6.46

6036

0033N.So

*

N'S'Values not significantly different at the 5% level.

%
Values significantly different at the 1% level.

1
)Log of sum of all individual peak areas.
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In the C. sepedonicum treatments, the number of peaks/chromatogram
increased steadily over the duration of the test period (Table 10c). The
mean number of peaks/chromatogram in the C. sepedonicum treatments was not
significantly (P = 0.05) different from the controls (Table 10d).

Linear regression equations were derived for the experimental treat-
ments, based upon the natural logarithms of the daily total volatile output
values (Table 10e). Additionally, the natural logs of the C. sepedonicum
data were fitted to a parabolic regression model. Although the C. sepedonicum
data did fit a straight-line equation (P = 0.01), the fit to the parabolic
equation was more accurate (P = 0.01).

Covariant analysis indicated that the slope and regression equation
derived for the C, sepedonicum treatments were significantly (P = 0.01)
different from the equation derived for the control treatments (Table 10f).

Schematic chromatograms representing the peak areas and PTPA values at
three points during the disease cycles of a C. sepedonicum and a mixed variety
E. carotovora infection are presented in Figure 10b. The volatile profiles
could be differentiated on the basis of a number of factors.

Based on the data for days 1 to 5 of the incubation period, the total
volatile output of the E. carotovora treatment was, On the average, 112X greater
than that for the C. sepedonicum treatment (Table 10b); a difference signifi-
cant at the 1% level. When the data for the entire 13 day incubation period
of the C. sepedonicum treatment was included in the analysis there was no
significant difference (P = 0.05) between the average total volatile outputs

of the E. carotovora and C. sepedonicum treatments.,

A linear regression equation was also derived for the C. sepedonicum
treatments based on the natural logs of the total volatile output data from

days 1 to 5 (Figure 10a). This enabled comparisons to be made with the



TABLE 10c. Number of

195

peaks/chromatogram for C. sepedonicum

experiment.
Incubation Period (Days)
Treatment 1 3 5 7 9 11 13
C. sepedonicum 5 6 5 9 11 13 16
Control 6 6 7 6 9 12 11

E. carotovora
(Expt4)

10 8 11




TABLE 10d. Pairwise comparison of mean number of peaks/
chromatogram averaged over the incubation period for
C. sepedonicum, E. carotovora, and control treatments.

Pairwise
comparison

Mean number of peaks/
chromatogram

t Value

C. sepedonicum
(day 1-13)

vs

Control
(day 1-13)

9.4

8.1

1.46N°5

C. sepedonicum
(day 1-5)

vs

E. carotovora
(day 1-5)

5.3

10.6

7.61

C. sepedonicum
(day 1-13)

Vs

E. carotovora
(day 1-5)

9.4

10.6

1027N.So

**Values significantly different at the 1% level.

N'S°Va1ues not significantly different at the 5% level,
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TABLE 10e. Linear regression equations for the daily total integrator

responses of C. sepedonicum, E.

carotovora, and control treatments.

E. carotovora (Expt 4)

(day 1-5)

Treatment Equation r2
72
C. sepedonicum y1) = ¢8.84%0.35X ) 0.52N:5-
(day 1-5)
C. sepedonicum Y e7.39%0.83X 0.89**
(day 1-9)

C. sepedonicum Y e7.98%0.55X 0.68%"
(day 1-13) v e7,,5o+o,973€-o.03§2 0.79%%
Control v 09.2910.04X 0,15N.8.

(day 1-13)
¥ 09.66+1.24X 0.85%*

1)Y

2)=

i

*k
Significant at the 1% level.

Total integrator response

Incubation period (days).

(integrator units).

N'S'Not significant at the 5% level.
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TABLE 10f. Analysis of covariance for linear regression equations
calculated for the total integrator responsesl) of C. sepedonicum,
E. carotovora, and control treatments.

Pairwise F Test for similarity
comparison F Test for slope between lines

C. sepedonicum
ok *k
vs 11.74 10.74

Control

C. sepedonicum (day 1-5)

vs 16,65 18.55°"

E. carotovora (Expt 4)

C. sepedonicum (day 1-13)

vs 10.69% 2,35N-S.

E. carotovora (Expt 4)

Fek
Difference significant at the 1% level.
*
Difference significant at the 5% level.
N.S.
Difference not significant at the 5% level.

1)Ln of integrator units.



FIGURE 10b., Areas and PTPAY values for chromatogram peaks at three stages
in C. sepedonicum and E. carotovora infections.

*
Percentage of total peak areas.
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Y Axis = Peak areas.
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E. carotovora treatments over equivalent time frames. Based on the data
from days 1 to 5, the slope and general equation for the C. sepedonicum
regression line were significantly (P = 0.01) different from the values
calculated for the E. carotovora treatment (Table 10£). Based on the data
for days 1 to 13 in the C. sepedonicum trial, the slopes for the regression
lines remained significantly (P = 0.05) different, however, the overall
linear equations were not significantly different (P = 0.05).

The peak areas (LOGyg) and PTPA values, averaged over the entire incu-
bation period, for the major peaks in the chromatograms of the mixed E.
carotovora infection, the C. sepedonicum, and non-infected control treat-
ments are listed in Table 10g. Separate analyses were conducted using the
C. sepedonicum data from days 1 to 5 and from days 1 to 13. Table 10h
contains the chromatographic signatures for the peak areas and PTPA values
of the various treatments (see REFERENCE TABLE D for peak identification).
Table 10i summarizes the metabolites which might be utilized to differentiate
between the treatment profiles. When the C. sepedonicum and control data for
days 1 to 5 were used, the treatments could be differentiated on the basis of
the peak areas for ethanol (CO> CS), compound D (CO > CS), compound H (CO> CS),
and compound X (CS »C0), The PIPA values for ethanel (CO > CS), l=-butanol
(CS> CO), compound H (COY CS), and compound X (CS Y CO) were significantly
different.

When the C. sepedonicum infection had fully developed, the peak areas
for methanol, ethanol, compound D, l=propanol, the C-4 compounds, and com-
pounds H, K, and X were significantly different in the C. sepedonicum and
control profiles. In all cases, the output treatments were significantly
greater than the controls. The PTPA values for ethanol (CO) CS), the C~4
compounds (CS » CO), 1l-butanol (CS » CO), and compounds H (CO>CS), K (Cs 7 CO),

and X (CS > CO) were significantly different,



TANS 10g. Aress of
control (CO) treatments.

peaks, ged over the incubation period for C. gepedouticym (CB), B. carotovors (IRMX), snd

»

: 3-Bydroxy- .
Mathanol Ethansl Ethanol XT = 7.1 min 1-Propanol C-4 Pks 1-Butanol BT = 12.7 wia> 2-Butanone AT = 17,8 min RT = 15,6 win
Areat) a2} area  PTRA Ares PIPA Ares PIPA  Area PTPA  Ares . Ares PIPA Ares PIPA Area  PIPA  Ares PTPA Ares 3.7
nx 450a® 353 b 1.0ks 006 S.78a 37.65a 4.55a 251 3.27a 0.0la 3.68a l.46a 460a 209 b 5.28a ILlle 3.29a 21is 48ke A& T b T
)
cs
{day 1-%) 3.17 sb 1383 T a T a T ¢ T b T e T & 088 b 033a T b 3.3 2.73 b 6.8)a T [ T b 1.36a 1.17a 3938 22,928 4,02 8 41,43
co 177 b 11.07ab T & T a 443 b 4.50a 3,03 b 0350a T b T a T b T a 285 b 017 b 466 b 630 3.39s 150 4&69a 833s T b T
nx 4.50e .53 b 1.06a 0.06a S5.78a 37.65a 435e 2.51a 3.27a 00la 3.68 b 1.4 b &60a 209 b S5.20a 1L1lla 3298 2Zila 48 b BB T b T
cs
sy 1-13) &.Sla 15.008 T s T s 6298 200 b T c T & 3.48a 0368 649a 47.61e Jeb 8332 T e T b 368 2756 525a 1654 Al6a t
co 77 b 1.47e T a T & 443 b 46.50s 303 b 0.50s T b T & T o T 5285 b 017 b 44 b 630a 239a L30a 469 b 833 b T b T

Drotal area (Log of integrator units).
Parcentage of total peak areas.

-
Valves within columns followed by the sams letter are not significantly (P = 0.05) different by Duncan's test for ordered means.

T = Trace,

[4414
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TABLE 10h, Chromatogram signatures for a mixed E. carotovora infection,
C. sepedonicum, and non-infected control treatments.

Treatment Signaturea) for areasb) Signature for PTPAC)

C. sepedonicum X KAIGIF I E : bedhj KEKAIGFE I E : bedhj

(day 1-5)
C. sepedonicum Fc/a KE G IX': bdhj rlc/a KE ¢ T : bdhijx
(day 1-13)

E. carotovora CfH KVGrbmlmeimeB-jI

Control KCAHIDEGE : bej K/ICAHIDGEF: bej
(day 1-13) '

a)Peaks significantly (P = 0.05) different from one another by Duncan's
test for ordered means are not enclosed by the same bracket. Traces
are given as small letters.

b)

C)Percentage of total peak areas.

Log peak areas.

TABLE 10i, Comparisons between the chromatogram signatures for a mixed E.
carotovora infection, C. sepedonicum, and non-infected control treatments.

Characters Distinguishing Between Treatmentsa)

E ¢ Control
. carotovora (day 1-5) Control (day 1-13)
Areab) PTPAC) Area PTPA Area PTPA
C. sepedonicum CDEFGHX ACGHX CDHX CGHX o .
(day 1-5)
C. sepedonicum CFHKX ACFGHKX o . ACDEFHKX CFGHRX
(day 1-13)

Characters which differ significantly between the treatments.

Log peak areas.

c)Percentage of total peak areas.
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In comparing the C. sepedonicum day 1 to 5 data with the E. carotovora
values the disease profiles could be differentiated on the basis of the
peak areas for ethanol, l-propanol, the C-4 compounds, l=-butanol, and compounds
D, H, K, and X. With the exception of compound X (CS> EMX) the volatile pro-
duction values for the E. carotovora infection were consistently greater
than in the C. sepedonicum treatment. The PTPA values for methanol (CS >EMX),
ethanol (EMX >CS), l-butanol (CS >EMKX), compound H (EMX >CS), and compound
X (CS> EMX) were significantly different for the disease treatments.

When the data for days 1 to 13 were included in the C. sepedonicum
analyses, the peak area values for compound D (EMX) CS8), the C-4 compounds
(CS > EMX), compound H (EMX > CS), K (CS> EMX), and X (CS> EMX) were signifi-
cantly different for the disease treatments. The PTPA values for methanol
(CS >EMX), ethanol (EMX > CS), the C-4 compounds (CS > EMX), l-butanol (CS> EMX),
compound H (EMX >CS), K (C8> EMX), and X (CS> EMX) could be used to differen-

tiate between the disease treatments.
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Experiment 11: Volatile Profiles of Bacterial Cultures

The concentration of volatiles in the headspace samples from the ino-
culated cultures increased by three to four times over the incubation period.
The three different E. carotovora treatments (ECC, ECA, and EMX) produced
relatively similar changes in the total concentration of volatiles above the
cultures. The total concentration of volatiles in the non-inoculated cul-
tures remained relatively stable over the incubation period.

The PTPA values for the major peaks in the chromatograms of the inocu-

lated and non-inoculated cultures are presented in Table lla,



TABLE 1la. PTPAI) values from headspace samples of E. carotovora var. atroseptica (ECA), E. carotovora var,

carotovora (ECC), and mixed variety (EMX) swirl cultures,

1-propanal/
Methanol Ethanal Ethanol  2-propanone RT=7.1 min C-4 pks 1l-butanol

3=hydroxy-
RT=12.7 min 2-butanone RT=17.8 min

ECA 1.3 a" T a 69.9 a 1.1 b 6.6 a 19.9 a T a.
ECC 0.7 a Ta 82.1 a 1.0 b 1.3 a T b T a
EMX 2.3 a Ta 83.6 a 1.0 b T a 1.6 b 1.4 a
co T a Ta 2.4 b 64 a T a T b T a

T b Ta T b
T b T a T b
T b T a T b
14,6 a Ta 9.6 a

1)Percentage of total peak areas.

*Values within columns followed by the same letter are not significantly (P = 0.05) different by Duncan's test

for ordered means.
T = Trace,

907
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SUMMARY OF RESULTS AND DISCUSSION

Variability in the rate of disease development was a consistent problem
in the jar experiments. The infections appeared to catch at different rates
in the various replicates. Once the disease had become established at one
point on the tuber, general decay was rapid due to the spread of the bacterial
seepage over the tuber surface. Generally the E. carotovora decay became
visible by day 5 to 9 of the incubation period. After 13 to 15 days, the
tubers were almost completely decayed.

Contamination of the control treatments with E. carotovora bacteria was
also a problem in the jar experiments. Whether the infections arose from
bacteria not eliminated in the sterilization process or were due to some
post-sterilization contamination could not be determined. The manufacturers
specifications, as well as preliminary tests indicated that the described
sterilization procedure was effective in eliminating surface contaminants.
However, E. carotovora bacteria could have been located in the lenticels or
cracks in the tuber surface. These locations may not have been penetrated
by the Teramine. Although both varieties of E. carotovora were isolated from
the contaminated controls, the variety specific inoculated treatments did not
show any crossover contamination. This would seem to indicate that the
E. carotovora bacteria were introduced as contaminants after the sterilization

process.

Staphylococcus spes Clostridium and various yeasts dominated the secon-

dary microflora isolated from the bacterial seepage of the disease treatments.
Population levels of the secondary contaminants were low in comparison with

the E. carotovora levels. Very few contaminants were isolated from the
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healthy controls.

The source of the contaminant organisms was uncertain. It is possible
they arose from populations sheltered within surface cracks, or present in
the tubers' vascular system (Hayward 1974).

Although the populations of secondary microflora were relatively small,
their potential contributions to the volatile profiles should not be ignored.
For instance, the yeast could be expected to produce a wide range of short-
chain alcohols. These compounds were important components of the observed
profiles.

Harrison and Nielsen (1978) reported that pure E. carotovora infections
of potatoes had only a mild odor. Only when the normal secondary microflora
was allowed to develop did the decay take on the unmistakable odor normally
associated with rotting potatoes. However, the perceived strength of an odor
is not necessarily a reliable indication of the concentration of all the
compounds in a headspace sample. Some of the compounds isolated in the
potatoes' volatile profiles are almost odorless (i.e. N-butanol).

In the bag experiments, signs of decay were apparent by day 2 of the
incubation period. By day 4 to 5, the accumulation of bacterial seepage
prevented the further sampling of the bags. By that point, the test tubers
were totally disrupted.

Tuber decay was much more rapid in the bag than in the jar trials.

It is possible that the direct contact between the tubers and the plastic
bag produced the localized anaerobic conditions vital to the E. carotovora
development (Perembelon and Kelman 1980)., There was also the potential for
the exchange of the pathogen from tuber to tuber within the bags. This

exchange would tend to produce a rapid developing, relatively uniform infec-

tion.
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In the bag experiments, the microflora community and E. carotovora popu-
lations isolated from the bacterial seepage were very similar to those
observed in the jar experiments. The contaminant populations tended to be
lower than in the jar experiments, possibly due to the shorter period of
substrate availability and population increase. Consequently, the signifi-
cance of the secondary contaminants' contributions to the volatile spectrum

should have been reduced relative to the situation in the jar experiments.

E. carotovora and Control Volatile Profiles

In both the bag and jar experiments, there was a dramatic increase in
the total volatile production of the inoculated treatments as the E. carotovora
infection developed. In the jar experiments, total volatile production
increased by 36 to 280X over the 13 to 16 day test periods. In the bag
experiments, production levels at the end of the 4 to 5 day incubation period
ranged from 2X (Experiment 5) to 66X (Experiment 4) the output at the

beginning of the tests.

In the jar experiments, elevated volatile outputs were consistently
detectable within 3 to 5 days of the introduction of the pathogen. In the
bag experiments, the elevated volatile outputs were detectable within 24 h
of the injection.,

The volatile metabolites produced in any given disease infection will
involve a combination of compounds produced by the host, by the pathogen,
and by the unique physiological processes involved in the host/pathogen
interactions (Richard-Moulard et al. 1976; Cole 1980; Abramson et al. 1980).

During the development of an E. carotovora infection in potatoes,
volatile production by the host tissues increases due to the increased meta-
bolic activities in the wounding response and/or any pathogen resistance

processes (Varns and Glynn 1979). Volatile production by the pathogen is
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dependent upon the type and availability of substrate, growth conditions,
and most importantly, the pathogen population (Henis et al. 1966; Richard-
Moulard 1976).

In both the jar and bag experiments, the rate of increase in the total
volatile production from day to day was greater towards the end of the test
period. Except in cases where experimental variability was excessive, the
total volatile output data in both the jar and bag experiments fit exponential
equations for increase over the test periods.,

Although pathogen population levels were not monitored during the tests,
under favorable conditions pathogen populations could be expected to increase
exponentially (Stevens 1974). It appears that the exponential pattern of
increase in the total volatile output could be a direct reflection of the
metabolic processes of the growing pathogen population. Alternatively, the
expanding pathogen population could have been triggering a parallel increase
in the resistance activities of the host, which would again lead to an expon-
ential type of increase in volatile metabolite production. In the bag
trials, the Y intercept (incubation period = 0 hours) total volatile produc-
tion values tended to be much greater than in the jar experiments. This
would be expected as the volatile production from a larger mass of potatoes
was being introduced as a concentrated sample into the gas chromatograph.

The slopes for the regression lines also tended to be steeper indicating
a more rapid disease development in the bag experiment.

In all experiments, chromatogram complexity (number of peaks/chromatogram)
increased somewhat as the infections progressed. This was likely due to an
increase in the detectability of the various compounds as the total volatile
production increased. Changes in the metabolic processes of the pathogen

with changes in the quality or availability of substrate could have led to
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the production of additional metabolites, Further, the developing secondary
microflora populations may have made some unique contributions to the vola-
tile profiles as the incﬁbation period progressed.

In the jar experiments, significant quantities of 13 compounds (four
unidentified) were detected in the volatile profilés of the E. carotovora
infected treatments (REFERENCE TABLE A), while 14 compounds (REFERENCE TABLE
C) (five unidentified) were detected in the bag experiments.

All of the compounds that were tentatively identified in the jar experi-
ments were subsequently isolated in the bag trials. It was not possible
to verify that the various unidentified compounds in the respective sets of
experiments were similar. However, comparisons of the retention times of
the unknowns with the identity-verified compounds indicated some similarities
between the two sets of experiments; i.e., an unknown peak occurred between
the l-propanal/2-propanone and l-propanol peaks in both trials.

The compounds identified ranged from C2 to C, and covered a number of
functional groupings, i.e., alcohols, aldehydes, ketones. A number of the
chromatogram components identified in this study were also isolated by Varns
and Glynn (1979) in their work on the volatile profile of E, carotovora var,
atroseptica; i.e., 3-hydroxy-2-butanone, ethanal, l-propanol, ethanol, 2-
propanone, l-propanol, 2-methyl-1-propanol, and 2-butanone. A number of com-
pounds identified in this study were not reported by Varns and Glynn (1979);
i.e., methanol, l-propanal, l-butanol, and 2-butanol, Varns and Glynn (1979)
also isolated a number of compounds which could not be detected in this study:
i.e., butane, methyl and ethyl acetate, hydrogen sulphide, methyl sulfide,
methyl disulfide, and propanethiol.

In light of Harrison's and Nielsen's (1978) finding that pure E. carotovora
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infections were relatively odorless, it might be suspected that the highly
odiferous sulphur compounds detected in Varns and Glynn's study may have
been produced by secondary saprophytic microflora.,

In general, the production levels of the individual volatiles increased
as the infection developed. However, the responses of the various com-
pounds were not identical. For example, in the bag experiments the output
of the unidentified compound with a RT of 16.3 min increased very little
over the incubation period, while the ethanol levels increased by as much
as 2000X over the test periods. The same variability in compound production
was observed in the jar éxperiments,

Chromatogram signatures, which involved the arrangement of the major
chromatogram peaks in order of their average importance to the total volatile
output were developed to facilitate the comparison of complex volatile pro-
files obtained with different experimental treatments and replicates. In the
jar experiments, although the signatures developed for the diseased treat-
ments were not identical between experiments, they were similar in terms of
the relative importance and groupings of the various metabolites.

1-Propanol/2-propanone, ethanol, l-propanol, l-butanol, and l-butanol/
hyde/ 2-butanol were the dominant compounds, in terms of their peak area
values, in the E, carotovora profiles. Although the dominant compounds did not
occur in exactly the same order in the three jar experiments, they were always
contained within one or two homologous groupings. Consequently, the
differences in the actual order of the compounds were not likely overly
important.

In general, the peak area and PTPA signatures were much less uniform
in the bag trials than in the jar experiments. Ethanol, the C-4 compounds,

l-butanol, methanol, ethanal, and compound D dominated the volatile
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profiles of the E. carotovora inoculated treatments. However, the importance
of these compounds relative to each other changed considerably from experiment
to experiment. The reason for this observed variability in the volatile
profiles is open to question.

In the bag experiments, disease development was extremely rapid result-
ing in the very short incubation period. Consequently, the chromatogram signa-
tures were based on a limited number of data points. Given that the impor-
tance of the various peaks relative to each other changed during the develop-
ment of the infection (Figure 4a), it could be expected that any variability
in the rate of disease development between the experimental treatments or
replicates would be reflected in significantly different chromatogram signa-
tures. In the jar experiments, any variabiiity in the disease development
would be averaged over a much greater number of data points, due to the
extended incubation period. Consequently, the chromatogram signatures could
be expected to be more stable. As previously discussed, variability due to
the contributions of the secondary microflora should have been of relatively
minor significance. Variability due to erratic trap or G.C, performances
was not considered a problem.

There was some overlap in the chromatogram signatures prepared for the
E. carotovora infected treatments in the jar and bag trials. Ethanol, 1~
butanol, and the C-4 compounds were amongst the more important compounds in
both sets of signatures. The variability in the relative importance of the
remaining peaks reflected the considerable differences in the rate and patterns
of disease development in the two series of experiments.

In both the jar and bag experiments, the PTPA signatures closely mirrored
the peak area signatures in the order of importance of the various compounds.
However, the PTPA signatures tended to have fewer statistically significant

peak groupings than in the peak area signatures. The system utilized for
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calculating the PTPA values appeared to introduce a measure of variability
which interfered with the separation of the peaks in terms of their relative

importance to the overall profile.

Volatile Production Characteristics of Control Treatments

The volatile production characteristics of the control treatments were
considerably different from the disease treatment profiles. In comparison
to the disease treatments, the daily volatile production of the controls
remained very low and relatively stable over the incubation period. In the
jar experiments, the average total volatile output of the E. carotovora
infected treatments was 100X (Experiment 2) to 800X (Experiment 1) greater
than for the controls. In the bag experiments, the diseased treatment
average volatile outputs ranged from 2 to 200X that of the controls, depen-
ding upon experimental conditions. When comparisons were made solely on the
basis of the production values at the end of the incubation period, the diseased
treatment volatile outputs were often 103x greater than the controls,

In the jar experiments, the control tubers produced a burst of volatile
production at the very beginning of the incubation period. Varns and Glynn
(1979) concluded that thisvolatile production was a non-specific host response
to wounding (i.e., the damage produced by the sterile needle).

In both the jar and bag trials, the volatile production of the controls
tended to increase somewhat over the incubation period. In the bag experi-
ments, this increase in volatile production generally overshadowed any
'wounding' effect.

In the jar experiments, the natural logs of the daily volatile produc-
tion data for the control treatments showed a statistically significant fit
to the best-fit exponential regression lines. In the bag experiments, the

quality of fit varied due to the limited number of data points involved. In
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all the jar experiments, both the slope and the general regression equations
for the control treatments were significantly different from those derived
for the E. carogtovora infected treatments. In the experiments where the
data showed a significant fit to the regression equations, the slopes and
regression equations for the E. carotovora infected and control treatments
tended to be significantly different.

In both series of experiments, the regression equations reflected a
number of differences in the patterns of volatile production. In most cases,
the Y intercept was greater in the equations derived for the diseased treat-
ments. This indicated that even with the increase in volatile production due
to control wounding, the diseased treatments tended to exhibit significantly
elevated volatile production levels very early in the incubation period.

The regression equation slopes tended to be significantly steeper in the
diseased treatments. This reflected the more rapid rate of increase in vola~-
tile production/unit time that occurred in the diseased treatments. This
trend was more apparent in the bag experiments due to the more rapid disease
development in these trials.,

A total of eight compounds (all identified) were detected in the vola-
tile profiles of the control treatments in the jar experiments (REFERENCE
TABLE A)., In the bag experiments, 12 compounds (three unidentified) were
detected in significant quantities in the various control treatments
(REFERENCE TABLE C). In both the bag and jar experiments, all of the identity-
verified compounds in the control profiles were also present in the E.
carotovora disease profiles.

Combining the data from the two experimental series, the only compounds
that were found in the diseased treatments but not in the controls were a
number of unidentified peaks (RT = 8.2, 16.0, and 18.5 min in the jar
experiments; 14,1 and 16.3 min in the bag experiments). These compounds

tended to be relatively unimportant in the volatile profiles of the disease
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treatments (PTPA <1%). Consequently,.the potential for utilizing the
presence of these compounds to distinguish between diseased and healthy
profiles would appear to be limited. Further, it should be stressed that the
detection of any given compound is almost entirely dependent upon the sensi~-
tivity of the detection apparatus. The number of peaks/chromatogram for the
control treatments tended to increase over the incubation period. This again
could have been due to changes in the metabolic patterns over the test
period, but more likely was due to an increase in the detectability of the
various compounds as the total volatile production increased.

On a day to day basis, the control chromatograms were consistently less
complex than in the diseased treatments. In all of the jar experiments, and
most of the bag trials, the mean number of peaks/chromatogram, averaged over
the entire incubation period, in the control profiles, was significantly
lower than for the infected treatments. Even though there were few compounds
present in the diseased profiles which were not at one point or another detec-
ted in one of the controls, the control profiles could consistently be
differentiated from equivalent diseased profiles on the basis of their rela-
tive complexity.

In the jar experiments, the signatures for the controls were not iden-
tical, however, there were a number of similarities in terms of the relative
importance and groupings of the various metabolites. L1-Propanal/2-propanone,
ethanol, l-propanol, l-butanol, and 1-butanal/2-butanol were the
dominant compounds in terms of their peak area values. As in the E.
carotovora signatures, the exact order of these compounds in the control
signatures was not stable. Again, the dominant compounds tended to be
included within a single homologous grouping in the signature, indicating

that the precise rank of the compounds was not overly significant.
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In the bag experiments, the peak area and PTPA signatures for the con-
trol treatments were again much less stable than those for the jar experi-
ments. There was little consistency in terms of the compounds that dominated
the signatures. In most cases, the majority of the compounds in the signa-
tures were included within one or two statistically homologous groupings,
indicating that the production levels of the various compounds was relatively
uniform. Any changes in volatile production over the incubation period must
have been relatively non-specific, which agrees with Varns and Glynn's (1979)
data on the non-specificity of the wounding response of healthy tubers,

In both the jar and bag experiments, the PTPA signatures for the con-
trols closely mirrored the peak area signatures in terms of the order of
importance of the various compounds. Again the PIPA signatures tended to
have fewer statistically significant peak groupings than in the peak area
signatures.

The chromatogram signatures developed for the control and diseased
treatments in the jar experiments were relatively similar., They contained a
similar range of compounds and the same group of compounds (1-propanal/
2-propanone, ethanol, l-propanol, l-butanol, and 1-butanal/2-butanol) were
dominant in both sets of signatures. In each of the jar experiments, when
the average peak areas (LOGlO) for the various chromatogram components were
compared, a number of significant differences were found between the pro-
files of the E. carotovora infected and control treatments (Tables lg and 2i).
In all cases, the diagnostic difference between the profiles was due to vola-
tile outputs of the diseased treatment being significantly greater than those
of the controls., However, in the two jar experiments, there was no single
compound which, in both trials, occurred at significantly different levels in

the diseased and control profiles.
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Comparisons between the signatures for the diseased and control treat-
ments in the bag experiments were complicated by the variability of the signa-
tures. The range of compounds involved in the signatures was similar, but a
dominant group of compounds in the control signatures could not be isolated,

In comparing the mean peak area (LOGy ) values for the various meta-
bolites, significant differences were again discovered between the diseased
and control profiles in each of the different bag experiments. Again, in
almost all cases, the diagnostic differences were due to the significantly
greater volatile production by the diseased treatments. In comparing the
results for the various experiments, it again became apparent that there was
no individual or consistent group of compounds which occurred in significantly
different quantities in all of the diseased and control profiles.

The cause of this inconsistency in both the jar and bag experiments
was excessive experimental variability introduced by the uneven development
of the diseased treatments and the erratic volatile production of the con-
trols. There were many cases where the average production level of a com-
ponent in the diseased treatment profile was 100X greater than in the con-
trols, but the difference was not statistically significant,

Excessive experimental variability also obscured any consistent differ-
ences between the PTPA values for the individual compounds in the control and

diseased treatment profiles.
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Wounded and Non-Wounded Control Comparisons

Any surface damage or penetration of potatoes triggers the tubers'
localized disease resistance and wound-healing mechanisms (Lichtovich et al,
1967). The increases in metabolic activity linked to these defense res-
ponses are reflected by an increase in the volatile output of the damaged
tissues (Varns and Glynn 1979).

In all the experiments conducted in this study, the process of intro-
ducing the selected pathogenic bacteria entailed some wounding of the tubers.
In order to determine the tuber response to wounding, all control treatments
were wounded in an identical manner. Interestingly, in many cases the woun-
ded control treatments showed very significant volatile production levels.
In some cases, the volatile production levels were similar to those of the
inoculated treatments (Table la). The volatile production levels of the
controls tended to increase over the incubation period (Table la; Figure 4b).
These results do not agree with the concept of the wounded response as &
short-term (1 to 2 day) reaction which peaks immediately after the damage
occurs (Lichtovich et al. 1967; Varns and Glynn 1979).

In two experimental trials 'healthy', non-wounded controls were moni-
tored in an attempt to determine whether the wounding effect alone was
responsible for the previously observed volatile production patterns of
the wounded control (CO) treatments. Given that the non-wounded potatoes
were being maintained in a uniform suitable environment, it was expected
that their metabolism and therefore their volatile output patterns would
remain relatively stable over the incubation period.

Unfortunately, contamination of several replicates of both the
wounded and non-wounded treatments sharply limited the validity of any com=

parison that could be made between the treatments. In general, the total
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volatile production of the non-wounded controls was significantly lower than
for the wounded treatment (Figure 5a) which is consistent with the concept
of wound-induced volatile production. However, as in the previous observa-
tions of the wounded controls, the total volatile production of the non-
wounded controls increased steadily over the incubation period. This would
seem to reduce the likelihood that the inoculation-related wounding was the
root of the escalating volatile production of the wounded controls. The
cause of the increasing volatile production by the wounded and non-wounded
controls is uncertain., It is possible that the volatile build-up could have
been indicative of the growth of contaminant microbe populations even though
no significant populations were recovered., Alternatively, if the incubation
environments were in some respect unsuitable for the tubers, the resulting
stress reactions could have led to the increased volatile production
(Varns and Glynn 1979).

The relationship between wounding and volatile production, as well as
the volatile production characteristics of 'healthy' tubers require more

thorough investigation.
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Comparison of E. carotovora var. carotovora and E., carotovora var. atroseptica

The division of the E. carotovora species into a number of varieties

was based on the results for a number of very specific biochemical tests
(Dye 1968; Graham 1972; De Boer and Kelman 1975). The E. carotovora varie-
ties also show different temperature tolerances.

In terms of most aspects of their physiology and physiochemistry, ECC
and ECA are extremely similar. The primary metabolic pathways and associa-
ted enzymes systems are identical (Graham 1964; Starr and Chatterjee 1972).
The histopathology and pathogenic characteristics of the varieties are essen-
tially indistinguishable (Graham 1964; Perembelon and Kelman 1980). Both
varieties are common pathogens in potato storages. In order to allow for
the comparison of the volatile profiles of the E., carotovora varieties, meta-
bolite monitoring tests were conducted using an incubation temperature that
was in the optimal growth range of both ECC and ECA (22° C).

In the two jar experiments, the E., carotovora varieties performed
relatively consistently, yielding stable volatile profiles. There were
no appreciable differences in the overall volatile production patterns of
the two varieties. The rate of increase and the scale of the total vola-
tile outputs/unit time were relatively similar for ECC and ECA (Figures
2b and 3a).

Three of the bag experiments involved comparisons between the E.
carotovora varieties. In Experiment 6, different strains of the varieties
were tested and the data for the different strains for each variety were
combined to allow for a comparison between the varieties. In Experiment
8, the varieties were tested at different incubation temperatures, only
the data from the 29° ¢ trial was considered in this analysis, as the

temperature effect was significant. In the individual bag experiments, the
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volatile production characteristics of the E. carotovora varieties were
often significantly different. However, these differences were not con-
sistent; completely opposite reactions often occurred within replicates of
a single experiment. Extreme, yet inconsistent variability in the rate of
development of the E. carotovora varieties in the different experiments
made comparisons between the varieties very difficult.

In both the jar experiments, the total daily volatile outputs of
both E. carotovora varieties increased exponentially over the duration of
the incubation period., Covariant analyses did not produce any conclusive
evidence for differentiation of the E. carotovora varieties on the basis of
either the slope or the general equations for the volatile production res-
ponses (Tables 2f and 3d).

In the bag experiments, the daily volatile production data for the
different E, carotovora varieties usually showed a significant fit to the
exponential regression equations (Tables 5a, 6e, and 8a). The results for
the covariant analyses of the regression lines for the E. carotovora varie~
ties were erratic. The results in each experiment reflected the variability
in the rates of disease development.

In both the jar and bag experiments, the disease varieties could not
be differentiated on the basis of the daily volatile production levels,
nor were there any consistent differences in the average total volatile
output levels of the ECA and ECC treatments (Tables 2c, 5c, 6k, and 8c).

In both the jar and bag experiments, all recorded metabolites were
common to the profiles of both disease varieties (REFERENCE TABLES A and C),
although differences were noted in the chromatogram complexity (number of
peaks/chromatogram). These differences were not consistent enough to justi-

fy differentiation of the profiles of the E. carotovora varieties.
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The metabolite signatures for each of the E. carotovora varieties were
not consistent in the two jar experiments. Different compounds dominated
the signatures in each case, although in both experiments the primary
components tended to be included within the first or second homologous
peak groupings.

The variety signatures appeared to more closely resemble the signa-
ture of the other E. carotovora variety in the same experiment more than they
resembled the signature of the same variety in a different experiment (Tables
2h and 3f)., It would appear that the variability from experiment to experi-
ment was more significant than any differences between the disease varieties.

In the bag experiments, the peak area signatures developed for the
E. carotovora varieties were even less stable than those developed in the
jar experiments. There was very little consistency in compounds that domin-
ated the signatures. The signatures continued to be divided into a number
of distinct homologous groupings, indicating that the lack of a consistent
group of dominant compounds was not due to uniform production levels for
the various compounds.

In both the jar and bag experiments, the PTPA signatures tended to be
somewhat more stable than the peak area signatures. In the jar signatures
for both disease varieties, l-propanol/2-propanone and ethanol were the
dominant peaks in terms of their PTPA values. In the bag experiments,
methanol and ethanol were consistently within the dominant group of peaks
in the PTPA signatures of both E. carotovora varieties. From these data,
it would appear that the system utilized in calculating the PTPA values
was effective in avoiding some of experimental variability encountered in
the peak area signatures.

All comparisons of the signatures for the varieties were complicated



224

by the variability within the signatures for each variety. In comparing
the mean peak area (LOGyy) values for the various metabolites in the jar
experiments, a number of statistically significant differences were found
between the profiles of the E. carotovora varieties. (Table 2i and 3g).
However, there were no diagnostic metabolites common to the two experiments,
each yielded a completely unique range of diagnostic characteristics.
Further, there was no consistency in terms of which of the E. carotovora
varieties produced the significantly greater amount of the diagnostic
metabolites.

In the bag trials, there were relatively few significant differences
between the peak area values for the major metabolites in the profiles of
the E. carotovora varieties (Tables 5g, 6n, and 8i). Again, there was no
individual or group of compounds which could have been used to differentiate
between disease varieties in all of the bag experiments.

There were no consistent differences in the PTPA values of the various
metabolites which could have been used to differentiate between the ECA
and ECC profiles in either of jar and bag experiments.

In summary, in both the jar and bag experiments, no consistent diffe~
rences were apparent in the volatile profiles of the E. carotovora varie-
ties. Whether this indicated that the varieties were similar in terms of
their volatile production characteristics under these test conditions
remained uncertain due to the excessive variability encountered in all of

the experiments.
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Differentiation Between Strains Within E. carotovora Varieties

In previous experiments, the performance of the E. carotovora varieties
had been erratic. In theory, this variability could have been linked to the
viability/pathogenicity of the test strains of E. carotovora., These experi-
ments were designed to determine whether the disease responses varied with
different strains of bacteria. The previously utilized strains of ECA and
ECC were compared against various additional isolates.

The performance of the various strains in the two trials was extremely
erratic, The relationships between the volatile profiles of the various
strains of each E. carotovora variety were not stable.

In both trials, ECAL consistently produced greater total volatile out-
puts than ECA2, but the difference was significant in only one trial (Table
6c)., There were no consistent differences in the total volatile outputs
of the three ECC strains.

The covariant analyses of the regression equations developed in Trial
1 indicated that there were significant differences between the rates of
volatile production by the various strains (Table 6¢). However, in light
of the observed variability in the performance of the strains, the validity
of any comparisons based upon a single experimental trial would be question-

able,

In both trials, all major chromatogram peaks were common to the vola-
tile profiles of the various strains. However, the ECAl chromatograms
were consistently more complex than those for ECA2, The ECC strains did
not show any consistent differences in chromatogram complexity (Table 61).

The chromatogram signatures for the strains of each E. carotovora
variety were relatively similar in terms of the dominant compounds and

the peak groupings. Again the signatures for the different strains in
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each trial tended to resemble each other more than the signature for each
strain matched the signature obtained in the other trial. Comparisons of
the peak area and PTPA values did not indicate any significant differences
between the profiles of the various strains tested for each E. carotovora
variety.

When the data from the respective strains for each E. carotovora variety

were pooled, the volatile production characteristics of the E. carotovora

varieties were similar to those observed in previous experiments.

In natural populations of any pathogen, genetic variability in the
population leads to diversity in the relative pathogenicity of the various
strains of the pathogen (Day 1978). 1In laboratory cultures, selection
pressures not normally encountered in natural conditions may lead to the
development of aberrant or attenuated populations (Stanier et al. 1976).
Consequently, the utilization of several distinct pathogenicity-verified
strains is considered desirable in any pathogenicity study. This would be
particularly important in analysis of any soft rot infection since the rate
and degree of host decay could, in theory, be strongly influenced by the
viability and relative pathogenicity of the E. carotovora strain (Poff 1979;
Perembelon and Kelman 1980).

In summary, the various strains of ECC tested appeared to have very
similar disease characteristics and volatile production profiles. The ECA
strains could be differentiated on the basis of their total volatile pro-
duction characteristics but comparisons involving individual compounds did
not indicate any consistent differences. The differences in total volatile
production appeared to reflect differences in the rate of disease develop-
ment in the two ECA strains.

In all experimental trials, the experiment to experiment variability
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had a more significant impact on the volatile profiles than any differences

between the various strains of each E. carotovora variety.



Incubation Temperature Effects

Temperature could be expected to have a very significant impact upon
the volatile production and diffusion characteristics of both healthy and
E. carotovora infected potatoes. The growth of E. carotovora ceases
below 4° C, reaches a maximum at about 25 to 30° C (Q10 = 2), and ceases
again above 37 to 39° C depending upon the E. carotovora variety involved

(Perembelon and Kelman 1980). The wound-healing and disease resistance
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reactions of the potato are also temperature dependent. Commercial storage

temperatures are elevated to around 15° C to promote maximum wound-healing

in the new crop before the storage is cooled to the optimal longterm storage

temperature (Nash 1978). Because the rate of metabolic activity in both
the pathogen (E. carotovora) and the host are temperature dependent, it
could also be expected that the rate of volatile metabolite production by
the host/pathogen interaction would also be temperature dependent.

The rate at which a metabolic volatile is released from a biological
system is dependent upon the rate of diffusion from the compound's point
of origin., Diffusivity is, in turn, a temperature dependent phenomenom
(Kolb 1976a, b). Further, the activity or volatility of the various
metabolites would also increase as the system temperature increased. This
would also tend to increase the rate of volatile release from the tuber
tissues.

In previous experiments, the tubers had been incubated at 22° C.
Clearly, the volatile production and diffusion characteristics at this
temperature would be expected to differ from the situation at normal
storage temperatures (8 to 12° C).

The rate of development of the visual symptomology (i.e. bacteria

seepage and tuber collapse) in the inoculated treatment was clearly
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temperature dependent., At 22° C, decay was complete within 5 days, at 9,8° C
the destruction was somewhat slower, and at 4.1° C, the infections were still
restricted to the inoculation site at the end of the incubation period.
In general, the total volatile outputs of the diseased and control
treatments exhibited the expected increase with increases in
the incubation temperature. In some cases, the average volatile outputs
of the high temperature control treatments were significantly greater than
those of the diseased treatments being held at a lower temperature (Tables
7a and 8c). Only the difference in volatile production between the 22 and
4.1° C incubation temperatures was significant (Table 7e), but in the second
experiment the average peak areas of the 22 and 9.8° C treatments were also
significantly different (Table 8c). In most cases, the diseased and control
treatments were affected to a similar degree by the changes in the incubation
temperature (DXT interactions non-significant), but the ECC and ECA treat-
ments responded differently, as will be discussed in a subsequent section.
The regression equations for the daily total volatile output also
reflected the importance of the incubation temperature. The Y intercepts
for each treatment at the higher incubation temperature tended to be greater
than at the lower temperature (Tables 7b and 8a). This greater initial vola-
tile production may have been related to the more pronounced wounding res-
ponse at the higher temperatures. In the first experiment, the slopes of
the regression equations for the diseased treatment became progressively
steeper as the incubation temperature was increased. The rate of disease
development and consequently the volatile output were clearly strongly
influenced by the incubation temperature. The same trends were apparent,
but less distinct, in the second experiment.

Altering the incubation temperature did not lead to any differences
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in the range of volatiles detected for each treatment. Despite the expected
decrease in the production levels of the individual compounds at the lower
temperatures, concentrations were sufficient to allow for detection of the
compounds. However, the mean number of peaks detected in the daily chroma-
tograms was strongly influenced by the incubation temperature. For all
treatments, each increment in the incubation temperature resulted in a
significantly greater chromatogram complexity than the next lower tempera-
ture (Tables 7g and 8f). Again, it was not unusual for control treatments
at a higher temperature to have a greater average number of peaks/chromato-
gram than diseased treatments at a lower temperature.

Changes in the incubation temperature could potentially alter the sig-
natures for the individual metabolites in one of two ways; 1) if the changes
in the production of the individual metabolites are non-specific and rela-
tively equivalent, the peak area and PTPA signatures at the various tempera-
tures could be expected to be relatively similar; 2) if the changes were not
equivalent across the volatile spectrum, the result would be significantly
different peak area and PTPA signatures at the various temperatures. The
latter seems the more likely pattern. In previous experiments, it had been
found that the volatile production pattern (amounts and ratios of compounds)
was not consistent over the duration of the incubation period, Consequently,
if changes in the incubation temperature produced inequalities in the rate
of disease development or wound healing, these inequalities would be reflected
as variability in the metabolite signatures. Additionally, the vapor
pressures of the individual compounds would respond differently to any given
temperature change (Appendix A ). 1In theory, the differential response
should lead to changes in the relative importance of the various metabolites.

In comparing the peak areas or PTPA values of individual metabolites
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across incubation temperatures, it would be expected that if the changes in
volatile output with temperature were non-specific there would be consistent
differences in peak areas (high > low temperature), but the PTPA values for
the individual metabolites should remain relatively stable. However, if the
changes in the volatile spectrum with temperature were non-equivalent then
significant differences in both the peak area and PTPA values could be
expected. It was difficult to make comparisons between the peak area and
PTPA signatures for each treatment in the first experiment. The peak

rank was not identical at the various temperatures but the same group of
dominant compounds always occurred within the first or second homologous
groupings (Table 7i). In the second experiment, the results of the signa-
ture comparisons were inconsistent in the two trials (Table 8m). In the
first trial, both the peak area and PTPA signatures varied considerably

from the 22° C to the 9.8° C incubation temperatures. This would seem to
indicate a non-equivalent volatile profile change with temperature changes.
However, in the second trial the signatures at the two incubation tempera-
tures were very similar. This would seem to indicate an equivalent change
in volatile production with changing temperature.

In the first experiment, there were very few individual peaks with
significantly different output levels at the various temperatures (Table 71).
It would seem likely that the expected differences in the peak areas were
not detected due to excessive variability, since the total peak areas con-
sistently indicated differences between the various incubation temperature
treatments. In both trials of the second experiment, the peak areas for a
number of compounds were significantly different at the two incubation
temperatures (Table 8n). As was expected, in all cases the differences

were due to the greater outputs at the higher temperature. There were also
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a number of compounds that exhibited significant shifts in their relative
importance (PTPA value) as the incubation temperature changed. However,
the two trials showed no consistent changes; most compounds were found to
have changed significantly in only one of the trials. 1In some cases, a
compound became more significant as the incubation-temperature increased
in one trial and less significant in the other. It would appear that very
few conclusions as to the potential effect of the incubation temperature
on the volatile profiles could be drawn from the data for the individual
peaks, Variability was excessive in all trials.

In summary, the incubation temperature had a significant impact on
the volatile profiles recorded for both E. carotovora infected and healthy
tubers. This impact was related in part to temperature dependent changes
in the metabolic activity invelved in the host/pathogen interaction. Addi-
tionally, the potentially significant physical processes of metabolite
volatilization and diffusion were also sensitive to temperature changes.

The combined impact of these two factors affected both diseased and
healthy treatments. Total volatile production for any given treatment
could be expected to increase as the temperature increased. At lower
temperatures, the differences between diseased and control profiles became
progressive less distinct. The short incubation periods utilized in these
experiments were not sufficient to allow for the detection and monitoring
of the very gradual changes in metabolic activity and volatile output that
are characteristic of slow developing infections.

The patterns of production of the individual components of the volatile
profiles could also be expected to change with the incubation temperature.
This factor could become significant when comparisons are made between

profiles obtained under different conditions,
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Clearly, the potential impact of temperature must be seriously consi-
dered prior to the utilization of volatile monitoring as a technique for

the detection of disease development in commercial storages.
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Incubation Temperature X E., carotovora Variety Effects

The relative rates of development of E. carotovora var. atroseptica

and E. carotovora var. carotovora are temperature dependent (Perembelon and

Kelman 1980). In order to ascertain the impact of temperature-induced
differences in the rate of disease development on the volatile outputs of
the E. carotovora varieties)tests were conducted at temperatures that pro-
mote both equal and differential growth of the E. carotovora varieties.

The éCC and ECA treatments did not show any differences in their visual
symptomologies at the two incubation temperatures (22 and 9.8° C). Averaged
over both incubation temperatures, the mean total volatile outputs for the
ECC and ECA treatments were similar. However, in both trials there was
a significant disease treatment X incubation temperature interaction. At
9,8° C, the ECA treatment consistently produced greater total volatile out-
puts than ECC, while at 22° C, the ECC outputs were consistently greater
than ECA (Table 8c). Although the differences were not always statistically
significant, they agreed with the expected patterns. At 9,.8° C, the ECA
infections would have been expected to develop more rapidly than ECC
(Perembelon and Kelman 1980). Although 22° G is in the optimal range of both
varieties, it is possible that differences in isolate performances could
have produced the consistent differences between the varieties.

The volatile production regression equations for the ECA and ECC
treatments at the two incubation temperatures were not consistently
different. However, visual inspection of the lines indicated the existence
of variety specific differences in the response to the incubation tempera-
ture. At 22° C, the daily volatile production of ECC is consistently
greater than for ECA, while at 9.8° C, the opposite was true (Figure 8a).

There were no temperature dependent differences in the range of com-

pounds detected in the volatile profiles of the E. carotovora varieties.
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However, at 9.8° C the ECA chromatograms were consistently more complex
than those of ECC, due to more rapid development of the ECA infection at
this temperature (Table 8f). At 229 C, the ECC and ECA chromatograms were
equally complex.

The data for the individual peaks did not indicate any temperature
dependent differences in variety performance. Given that the peak area
and PTPA signatures for ECC and ECA were relatively similar at 22° ¢, it
might be expected that at 9.8° C any difference in the relative progression
of the ECC and ECA infections might be reflected in the peak areas and meta-
bolite signatures. When making statistical comparisons between the individ-
uval metabolites, it might be expected that at 9.8° C the ECA profile should
contain a number of compounds at significantly greater levels than in the
ECC treatment. However, in both trials the signatures for ECC and ECA
at 9.8° C were no more distinctive than at 220 C (Table 8m). Further,
there were no more significant differences between the ECC and ECA profiles
than at 22.0° C. Any differences were equally divided in terms of which of
the E. carotovora varieties was producing the greater outputs. it would
appear that the sensitivity of the individual peak area data to experimental
variability obscured any temperature-specific differences in the performance
of the E. carotovora varieties.

In summary, the disease development and volatile production patterns
of ECC and ECA were relatively similar at 920 ¢. However, at 9.8° C, the
more rapid development of the ECA treatment lead to significant differences
in the volatile profile of the E. carotovora varieties. The extreme speed
at which the infections developed when the incubation temperature was
increased beyond 25° ¢ made it impractical to utilize the higher tempera-

tures which favor the development of ECC over ECA (Perembelon and Kelman
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1980).

These results again illustrate the importance of the relationship
between the rate and degree of disease development and the volatile produc-
tion patterns. Disease organisms which had produced very similar disease
profiles at one temperature produced different profiles at a temperature
which resulted in differential growth of the pathogens being monitored.
This interaction between the factors influencing pathogen development and
the resulting volatile output may be of considerable significance in terms
of the potential for utilizing volatile monitoring as a disease detection

system in commercial storages.
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Inoculum-Size Comparisons

In E. carotovora infections of potatoes, the importance of the size
of the initial inoculum is dependent upon various environmental conditions.
1f storage conditions have led to an oxygen deficit at the infection site,
very few bacteria are required to initiate an infection (De Boer and Kelman
1975). 1If, however, the tuber tissues have an adequate oxygen supply, decay
will not occur unless the number of E. carotovora bacteria present at the
infection site is sufficient to produce localized anaerobiosis (De Boer and
Kelman 1975).

In our tests, the pre-inoculation soaking of the tubers and the post-
inoculation mistings were designed to induce tuber anaerobiosis, thereby
promoting the rapid and uniform development of the E. carotovora bacteria.
However, disease development, as indicated by both visual inspection and
the volatile production patterns, was erratic in many of the experimental
trials. It would seem that the tuber treatments were not always effective
in rendering the tuber immediately susceptible to infection. In some cases
the disease took hold without an appreciable delay, whereas in other repli-
cates, there was an initial lag followed by the normal rapid development of
the infection. Based upon the assumption that the tuber tissues were not
anaerobic, this initial delay may have represented the period necessary
for the E, carotovora populations at the injection points to reduce local
oxygen tensions to the decay thresholds.

It might be expected that variability in the size of the initial
bacterial population at each infection point would be reflected in the
length of this lag period. Experiments were designed to determine if
variability and/or generally insufficient infection site bacteria popula-

tions were responsible for the erratic disease development and volatile
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production patterns observed in previous experiments.

In both trials, visual observations did not indicate any significant
differences in the rate of disease development between the two inoculum
size treatments (SI = regular size and LI = 2X regular). Due to the experi-
mental design used in both trials, the inoculum-size effects were confounded
with the disease treatments and trap temperature effects, However, in all
statistical analyses, the two- and three-way interactions between the inocu-
lum size treatments and the other experimental variables were non-significant.
Consequently, all comparison of the LI and SI treatments were based on the
pooled disease treatment and trap-temperature data.

The volatile production patterns for the two inoculum sizes were rela-
tively uniform. In both trials, the total volatile output averaged over the
incubation period, for the LI treatment, was significantly greater than in
the SI treatment (Table 9b). This would have been expected if the larger
inoculum size had led to the more rapid development of the infection.

The total volatile outputs of both inoculum size treatments increased
exponentially over the incubation period in Trial 1 (Table 9c). The slope
of the regression line for the LI data was significantly steeper than for
the SI data, indicating a more rapid increase in disease-induced volatile
production. This is again consistent with the premise that a larger inocu-
lum size could speed disease development. However, the overall regression
equations were not significantly different. Additionally, the total vola-
tile production at T = initial (Y intercept) was greater in the SI treat-
ments (Table 9c¢). This represents a direct contradiction to the theory that
disease development, and therefore elevated volatile outputs, should have
been initiated earlier in the LI treatments.

The chromatogram profiles for the LI and SI treatments did not differ
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significantly in terms of either the range of volatiles recorded or the
average number of peaks/chromatogram (Table 9f). It might have been expec=-
ted that had the LI treatment produced a more rapid decay, the average num-
ber of peaks/chromatogram should have been significantly larger than in the
slower developing SI treatment.

The peak area and PTPA signatures for the inoculum-size treatments were
not consistent in terms of the dominant peaks and peak groupings. This
made any overall comparisons between the inoculum-size signatures difficult,
but in general the LI and SI signatures in each trial looked to be relatively
similar.

There were few significant differences between the individual peak area
values in the LI and SI profiles (Table 91). It could have been expected
that if disease development had been facilitated by the larger inoculum
size, the peak areas of more of the profile components should have been
significantly different (LI>SI). In both trials the PTPA values for all
the major metabolites were indistinguishable; a further indication that the
LI and SI infections did not develop in a significantly different manner.

In summary, the results from the investigation of the impact of the
inoculum size upon the disease development and volatile production patterns
were inconclusive. Several of the volatile production factors indicated
that disease development was somewhat more rapid in the LI treatments, but
various other profile parameters indicated that varying the inoculum size
within the selected range had no significant impact on disease development
or volatile production.

It should be noted that the E. carotovora populations at the end of
incubation period were found to be roughly equivalent in the inoculated LI

and SI treatments. This may have been an indication that the selected
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inoculum sizes were not having a significant impact upon disease development,
Alternatively, it is possible that the bacterial populations in the LI treat-
ments may have reached the final observed population levels early in the
incubation period and then may have stopped expanding due to limitations

in substrate availability. This would seem possible since the potatoes

were completely disrupted by the end of the incubation period. 1In retrospect,
experiments involving lower inoculum dosages might have provided more con-

clusive information on the importance of inoculum-size as a determinant of

disease development patterns.
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Cultivar Comparisons

Self (1967) has published a review of the volatile metabolites that have
been detected in potatoes. However, very little information is available
on the volatile profiles of different potato cultivars. . The majority of
the previous research in this field has involved the testing of the vola-
tile profile characteristics of different cultivars during various pro-
cessing procedures. The only information of the volatile production charac-
teristics of different cultivars in conditions suitable for the development
of disease has come from Varns and Glynn's (1979) storage study. They found
that bins of 'Kennebec' tubers infected with E. carotovora and Fusarium dry
rot had significantly different volatile production profiles than similarly
infected bins of 'Russet Burbank' tubers. Varns and Glynn (1979) concluded
that the differences in the volatile profiles reflected differences in the
rates of disease development in the two cultivars. This difference in the
rate of disease development would be related to the relative suitability
of the potato as a disease substrate versus any differences in the disease
resistance capabilities of the cultivars.

"Norland' (table stock) and 'Russet Burbank' (processing) tubers were
selected as the test cultivars in the experiments due to their prevalence
in Manitoba's potato storages and because the cultivars are relatively
different in terms of their dry matter content, etc.

The 'Norland' and 'Russet Burbank' tubers were compared in two jar
experiments (Experiments 2 and 3) and in one replicate of one of the bag
experiments (Experiment 6). In each of the experiments, the potato cultivar
effects were confounded by the disease treatment effects. However, in all
statistical analyses the potato cultivar X disease treatment interaction
was non-significant., This indicated that any differences between the cul-

tivars were constant relative to the disease treatments. Consequently,
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the cultivar differences were analyzed as simple main plot effects.

In the jar experiments, considerable experimental variability existed
in the disease responses of the 'Russet Burbank' and 'Norland' tubers. In
one experiment there were no consistent differences in the total daily vola-
tile outputs of the cultivars (Figure 2b). In the other experiments,
disease development, as indicated by the rate of increase in the daily
volatile production was considerably slower in the 'Russet Burbank' tubers
(Figure 3a). In both experiments, there wefe no significant differences
between the cultivars when the total volatile outputs were averaged over
the entire incubation period.

In the bag experiments, the total daily volatile production of the
'Norland' treatments was consistently less than that of the 'Russet Burbank'
treatments but averaged over the entire incubation period, the total vola-
tile outputs of the potato cultivars were not significantly different
(Appendix 6a).

In both the jar and bag experiments, all recorded chromatogram peaks
were common to the profiles of both cultivars. At the various stages in the
incubation periods, there were no consistent differences in the chromato-
gram complexities of the cultivars, nor were the average number of peaks/
chromatogram significantly different (Appendix 2b, 3b, and 6b).

The chromatogram signatures developed for the cultivars in each of
the jar experiments were not consistent. Again the signatures for the
different cultivars within each experiment were more similar than the sig-
natures for each cultivar in the different experiments. In Experiment 3,
the peak area signatures for both cultivars involved only one or two homo-
logous groupings, indicating that the peak areas for the various metabolites

were either very similar or highly variable.
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In only one of the jar experiments, could any significant differences
be detected between the potato cultivars, in terms of the peak areas of any
of the major metabolites., These differences were not consistent, in that
one cultivar did not produce the greater amount of all of the diagnostic
compounds.

In the bag experiment, the peak area signatures for the two cultivars
were relatively similar. The same group of metabolites (4-butanol, the C-4
compounds, ethanol, and ethanal ) was dominant in both signatures (Table
60). Although the exact rank of these compounds was not identical in
both signatures, they were always all contained within a single statistically
homologous peak grouping, indicating that any difference in the exact order
of the compounds was not overly significant.

According to Henis' et al. (1966) system of analysis; there were several
metabolites which could have been used to differentiate between the peak
area signatures of the potato cultivars in the bag experiment. However,
the lack of replication brings the validity of these differences into
question. If the results for the jar and bag experiments are compared,
there were no identity-known metabolites that were consistently considered
to be diagnostic between the cultivars in terms of their peak area values.
Although the last peak in the chromatograms of both the jar and bag experi-
ments occurred in significantly greater quantities in the '‘Russet Burbank'
profiles, this could not be considered a reliable diagnostic feature as
the peak identity could not be determined.

In both the jar and bag trials, the PTPA signatures closely paralleled
the peak area signatures. No consistent diagnostic differences between the
PTPA values for the cultivars were observed.

In theory, "Norland' might be expected to provide a somewhat more
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suitable medium for the initial development of E. carotovora bacteria due to
its higher water content. It might be expected that the more rapid disease
development in the 'Norland' tubers would be reflected in a more rapid
increase in volatile production (Varns and Glynn 1979). The greater dry
matter content of the 'Russet Burbank' tubers might indicate a potential

for greater total volatile output due to the larger mass of useable substrate.
However, no consistent differences were apparent in the volatile production
patterns of the two cultivars, Further, the two cultivars showed similar
disease reactions and volatile outputs when exposed to the various disease
treatments. Whether this indicates that the volatile production characteris-
tics of the cultivars were in actuality similar remains uncertain due to

the excessive variability encountered in the very limited number of experi-

mental trials.
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Trap=-Temperature Comparisons

The amount of any compound that may be retained without breakthrough
on a given size porous polymer trap is determined by a large number of
factors, viz., compound size, volatility, polarity relative to the absorbent,
volatile concentration, sampling rate, trap surface area characteristics,
etc. (Jennings et al., 1974; Wyllie et al., 1978). Trap temperature is also
an important operating variable. The relative retention capacity of any
compound on a trap decreases as its vapor pressure increases (Bertuccioli
and Montedoro 1974). Cooling the trap decreases the vapor pressure of the
absorbed compounds ( Bertsh et al. 1974; Mackay and Hussein 1978). Conse-
quently, within the limits imposed by condensation problems, trapping effi-
ciency increases as the temperature decreases.

In all the bag experiments, the trap temperature was reduced to 1° C.
This was considered merely a precaﬁtionary measure as preliminary tests uti-
lizing in-line back-up traps had indicated the retention capacities of the
primary traps had been adequate, regardless of the trapping temperature.

To further investigate the impact of temperature on the specific
retention characteristics of the Chromosorb traps, experiments contrasting
E. carotovora profiles with controls were conducted utilizing two trapping
temperatures (1° and 22° C). These experiments were designed to test the
impact of trap temperature on the measurement of the various volatile
production patterns that had been assessed in previous experiments. Due to
the experimental design used in both trials, the trap temperature effects
were confounded with the disease treatment and inoculum size effects.
However, since the two- and three-way interactions between the trap tempera-
ture treatments and the other experimental variables were non-significant.
all comparisons of the 1© and 22° C trap-temperature treatments were based

on the pooled disease treatment and inoculum size data.
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In both experimental trials, the average total volatile production and
the average number of peaks/chromatogram recovered from the 1° C traps were
consistently greater than in the 22° C traps. Although these differences
were not statistically significant, they would seem to indicate some consis-
tent performance improvements at the lower temperatures.

Varying the trap temperature did not have any impact on the range of
compounds detected in the volatile profiles. At 22° C, the absorbent capa-
cities of the trap were sufficient to retain detectable quantities of all
the major chromatogram peaks.

The peak area signatures in Trial 1 for the 1° and 22° C trap-tempera-
ture treatments were not overly similar in terms of the relative order of
the dominant peaks (Table 9j). However, the homologous peak groupings were
relatively similar. In Trial 2, the trap-temperature signatures for the
peak areas were very similar in terms of peak order and groupings. In
both trials, the PTPA signatures for the 1° and 22° C treatments appeared
to be quite uniform.

There were very few significant differences between the average peak
area and PTPA values of the various metabolites measured at the two trap-
temperatures (Table 9m). These results were particularly significant, in
that even the most volatile compounds trapped at 1° C were still trapped
in statistically equivalent quantities when the traps were operated at room
temperature.

In summary, trap performance at 22° C appeared to be comparable to
the relative efficiency at 1° ¢. It should be stressed that this tempera-
ture-independent performance was based on a limited temperature range, and
more importantly, a limited range of volatile compounds. Trapping efficien-

cies could be expected to change significantly if these experimental
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parameters were altered (i.e. higher operating temperatures and/or more

volatile compounds).
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Volatile Profiles of Bacteria Cultures

The metabolic processes of the E. carotovora bacteria produced both
quantitative and qualitative changes in the volatile profile of the swirl
cultures. Since air exchange was allowed in the cultures, the observed
increase in total volatile concentration was doubtless not an accurate
representation of the actual changes in the volatile production of the
inoculated cultures.

The ECA, ECC, and EMX treatments were very similar in terms of their
total volatile production and also the range of metabolites detected in the
headspace samples (Table lla). This again reflects the similarity of the
metabolic and developmental processes of the E. carotovora varieties. The
PTPA values for the various metabolites in the inoculated cultures were,
in many cases, significantly different from the PTPA values for the controls,
This indicated that the increased volatile production in the inoculated
treatments was not non-specific; certain volatiles exhibited proportionately
different changes in concentration. The PTPA values of the three E.
carotovora treatments were very similar.

The concentration of volatiles in the swirl culture headspace samples
was minimal in comparison to the levels obtained with similar sampling
procedures in the jar experiments. This would seem to indicate that the
inoculum introduced in the various experiments was likely a relatively unim-
portant source of volatile contaminants.

All of the volatiles identified from both the inoculated and non-
inoculated swirl cultures were subsequently isolated in the volatile pro-
files of the inoculated tubers. The parallel between the inoculated cul-
ture and the infection profile is not surprising since the metabolic pro-

cesses of the E, carotovora bacteria could be expected to yield a similar
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range of volatile by-products under both sets of conditions. The similarity
between the volatile profiles of the non-inoculated cultures and the incu-
bating potatoes may have been related to the fact that a potato infusion

was used to prepare the potato dextrose swirl culture.
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E. carotovora and C. sepedonicum Comparisons

Bacterial ring rot presents an extremely serious threat to the crop in
virtually every potato producing country (Knorr 1948; Shepard and Claflin

1975). In the field, Corynebacterium sepedonicum (Spieck and Knott) Skapt.

and Burkh. infections lead to the stunting, wilting, and general decay of
the growing plant (Manzer and Genereux 1978). 1In storage, contaminated
tubers exhibit a characteristic internal breakdown of the vascular ring.
During handling the infected tubers collapse spreading a highly infectious
bacterial ooze over adjacent tubers. Although disease development is rela-
tively slow under proper storage conditions, losses may be considerable
(Shepard and Claflin 1975). As a seed-borne pathogen, ring rot outbreaks
are a particularly serious problem during the storage of seed potatoes due
to the potential for contamination of the entire seed stock.

In potato storages, prompt detection of any disease problem is a vital
first step in the minimization of storage losses. However, correct identi-
fication of the specific disease problem is also extremely important. The
recommended storage management procedures for disease control vary consi-
derably from pathogen to pathogen. Consequently, the feasibility of utili-
zing volatile monitoring as a system for the detection of disease in storage
would depend upon the selection of diagnostic volatiles or volatile produc-
tion patterns that are as disease-specific as possible (Varns and Glynn 1979).

The goal of these experiments was to allow for the comparison of the
volatile profiles and volatile production characteristics of C. sepedonicum
and E., carotovora infections in order to assess the potential for utilizing

volatile monitoring to differentiate between the infections in storage.

C. sepedonicum Disease Summary and E., carotovora Comparisons

The rate and pattern of disease development in the C. sepedonicum
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treatments was significantly different from that observed in the E. carotovora
treatments. The first visual indication of decay in the C. sepedonicum
infections became apparent by day 7 of the incubation period, while the first
signs of decay were apparent much earlier in the E. carotovora treatments.

In the C. sepedonicum infections, about 13 days were required before the
tubers were completely disrupted by the pathogen.

As is typical in C. sepedonicum infections, seepage was minimal. By
contrast the E. carotovora bacteria completely destroyed the tubers within
5 to 6 days, yielding copious amounts of bacterial seepage.

It was noted that the populations of secondary microflora were rela-
tively large in the C. sepedonicum treatments. The extended disease develop-
ment period in the C. sepedonicum infections may have allowed for the more
extensive development of the secondary contaminants., In commercial storages,
C. sepedonicum infections are commonly masked by the invasion of various
secondary microorganisms, including E. carotovora (Manzer and Genereux 1978).
The predominant secondary microflora in the C. sepedonicum infections

(Staphylococcus, E. coli, and yeasts) were similar to those recovered from

the E. carotovora infections.

Volatile Profile Comparisons

The volatile production characteristics of the C. sepedonicum treat-
ments were considerably different from the patterns observed in the E.
carotovora profiles. Many of these differences were related to the relative

rates of disease development in the E. carotovora and C. sepedonicum infec-

tions,
The E. carotovora infection led to the production of elevated volatile
outputs much more rapidly than the C. sepedonicum treatments (E. carotovora

= 1 to 2 days; C. sepedonicum = 6 to 7 days) (Figure 10a). Based on the



252

data for equivalent incubation periods (5 days), the total volatile outputs
of the E. carotovora treatments were, on the average, 112X greater than for
the C. sepedonicum treatments, a difference significant at the 1% level
(Table 10b). This reflects the differences in the rate of disease develop-
ment. When the data for the entire 13 day C. sepedonicum incubation period
were included in the analysis, there was no significant difference between

the average total volatile outputs of the E. carotovora and C. sepedonicum

treatments (Table 10b). This gimilarity might have been expected since it
is the availability of metabolizable substrate that, in the end, determines
the potential volatile output. In the C. sepedonicum treatments, the total
daily volatile outputs declined towards the end of the incubation period
(Figure 10a). This may have been due to the exhaustion of the metabolizable
tuber tissues. The drop-off was not observed in the E. carotovora treatments
likely because the excessive bacteria seepage limited the sampling period.
As in the E. carotovora trials, the total volatile production of the
C. sepedonicum treatments (day 1 to 13) increased exponentially over the
incubation period (Table 10e). However, the C. sepedonicum output data fit
a parabolic regression equation more accurately than the linear equation
that was found to most accurately suit the E. carotovora data, The para-
bolic equation better described the C. sepedonicum data because it allowed
for the decline in volatile production towards the end of the test period.
As in the E. carotovora infections, the linear regression equation
for the C. sepedonicum treatment had a significantly different slope and
overall equation than the control treatments (Table 10f). Although the
slope of the C. sepedonicum line was steeper than the control's indicating
a more rapid increase in volatile production, the Y intercepts for the

C. sepedonicum and control treatments were relatively similar (Figure 10a).
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This again reflects the very slow development of the C. sepedonicum infection.

The slope and general equation of the regression lines for the C.
sepedonicum data (days 1 to 5) were significantly different (P = 0,01) from
the values calculated for the E. carotovora treatment (Table 10f). Based
on the data for days 1 to 13, in the C. sepedonicum trial, the siopes for
the regression lines of the two treatments remained significantly different
(P = 0,05), however, the overall linear equations were not significantly
different (P = 0.05). The Y intercept of the E. carotovora equation was
greater than in the C. sepedonicum equation indicating a much earlier
disease~induced increase in volatile production. The slope of the regression
line was much steeper in the E. carotovora treatments. This reflected the
much more rapid development of the soft rot infection.

The C. sepedonicum profiles featured a more limited ramge of volatiles
than occurred in the E., carotovora treatments. Although there was consider-
able overlap in the compounds identified in the respective profiles (REFERENCE
TABLE C), a single compound (RT = 15,6 min) identified as a major component
in the C. sepedonicum profile (i PTPA value = 41%) was not detected in the E.
carotovora profiles. Conversely, several compounds not isolated in the C.
sepedonicum profiles were relatively major components of the E. carotovora
profiles (i.e., ethanal, l-propanal/2-propanone, and four unidentified
compounds, RT = 7.1, 12.7, 14.1, and 16.3 min).

Since the diagnostic compounds tended to play relatively important
roles in their respective profiles, the monitoring of their presence or
absence in a volatile profile would seem to be a relatively valid technique
for differentiating between the C. sepedonicum and E. carotovora profiles.
However, three of the four compounds isolated in the E. carotovora profile,

but not in the C. sepedonicum profile, were detected at significant levels
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in the profiles of the non-inoculated control treatments. Whether a base-
line metabolite would cease to be produced/released in detectable quantities
due to the introduction of a certain pathogen is questionable. It is possible
that the C. sepedonicum infection might cause some alterations in the meta-
bolic processes of the potato resulting in changes in the baseline volatile
profile. However, it seems more likely that these compounds would continue

to be present in the C. sepedonicum infection, but were simply not detected

in this trial.

As in the E. carotovora infections, the average number of peaks/chroma-
togram for the C. sepedonicum treatments tended to increase over the incuba-
tion period (Table 10c). Again, whether this change was due to changes in
metabolic pattern over the incubation or simply due to the increase in the
detectability of the various compounds as the overall volatile output
increased was uncertain. Unlike the E. carotovora treatments, on & day to
day basis the C. sepedonicum chromatograms were not significantly more
complex than those of the controls (Table 10d). This again reflects the
slow development of the ring-rot infection. Based on the C. sepedonicum
data from days 1 to 5, the equivalent E. carotovora profiles were much more
complex,again due to the differences in the rates of disease development
(Table 10d). However, when the C. sepedonicum data from days 1 to 13 were

included in the calculations, there was no significant difference between

the average complexities of the E. carotovora and C. sepedonicum treatments.
This again indicates some parallelism between the two decay producing patho-
gens that is not apparent in the various analyses of the relative rates of
disease development.

The peak area and PTPA signatures for the C. sepedonicum treatment

were quite distinct from the equivalent signatures of the E. carotovora and



255

control treatments (Table 10h). Although there was considerable overlap
in the compounds involved in the signatures, the compound (X) unique to the
C. sepedonicum profiles featured quite prominently in both the day 1l to5
and days 1 to 13 C. sepedonicum signatures. Conversely, the various com-
pounds unique to the E. carotovora and control profiles (B, D, H, and J)
featured quite prominently in the respective signatures. Additionally, the
order of the dominant peaks and the homologous peak groupings in the C.
sepedonicum signatures were very different from the arrangements found in
the E. carotovora and control signatures.

In comparing the mean peak areas (LOGlO) for the various metabolites
in the C. sepedonicum (day 1 to 5) and control (day 1 to 5) profiles,
the peaks were approximately equally divided, in terms of whether the
control or the C. sepedonicum profile had featured the significantly greater
quantity of the diagnostic compound (Table 10g). This was not an unexpected
result, since through days 1 to 5 the total volatile outputs of the C.
sepedonicum treatments were not very different from the controls., However,
in the peak area comparisons of the C. sepedonicum (days 1 to 13) and
control (days 1 to 13) profiles, the same equal division occurred, despite
the fact that by the end of the incubation period the total volatile out-
puts of the C. sepedonicum treatments were 30 to 40X greater than the con-
trols. It is clear from this that the increased volatile output that
occurred during the progression of the C. sepedonicum was channelled through
a limited number of compounds. This gituation is in direct contrast to the'
results observed in the comparisons between the E. carotovora and control
treatments. Once the E. carotovorad infection had developed virtually every
metabolite recorded in the control profile could be found at significantly

greater levels in the E. carotovora profiles. The E. carotovora infection
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appeared to produce a more general, non-specific increase in the normal
baseline volatiles than occurred in the C. sepedonicum infection. In direct
comparisons between the C. sepedonicum (day 1 to 5) and the E. carotovora
peak area values, a number of metabolites were found to occur at higher levels
in the E. carotovora profile (Table 10g). This again reflected the slow rate
of development of the C. sepedonicum infection relative to E. carotovora,
When the data for C. sepedonicum days 1 to 13 were included in the peak area
analyses, a number of significant differences continued to exist between the
C. sepedonicum and E. carotovora profiles, despite the fact that the total
volatile outputs of the two treatments were approximately equal. The com-
pounds occurring at diagnostically different levels were divided fairly
evenly in terms of which of the treatments, C. sepedonicum or E. carotovora,
had produced the significantly greater quantity. Although the two infec-
tions had developed volatile profiles that were parallel in terms of their
total outputs and component range, the relative importance of these components
was very different in the two profiles.

The relationship between the C. sepedonicum profile and the profiles
for the E. carotovora and control treatments is perhaps best illustrated by
comparisons of the PTPA values. At both incubation period intervals (C.
sepedonicum days 1 to 5 and days 1 to 13), the list of compounds that occurred
at significantly different relative levels in the C. sepedonicum and E.
carotovora treatments was virtually identical to the list of compounds that
had significantly different PTPA levels in the C. sepedonicum and control
comparisons (Table 10i). In the pairwise comparisons with the C. sepedonicum
profile components, the control and E, carotovora treatments were essen-
tially interchangable in terms of the final result of the comparison. For

instance, if in a C. sepedonicum versus E. carotovora comparison the PTPA
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value of a compound was greater in the E. carotovora profile, then invariably
in the C. sepedonicum versus control comparison, the control PTPA value for
that compound would be significantly greater than in the C. sepedonicum
profile.

In summary, a number of differences in volatile the production patterns
of C. sepedonicum and E, carotovora were apparent, i.e. volatile production
per unit time, chromatogram complexity, etc.

Unlike the situation in the test trials, in commercial storages tuber
contamination does not occur simultaneously throughout a mass of potatoes
nor are the environmental conditions ideally suited to the uniform develop-
ment of the infection. Consequently, it is likely that any volatile produc-
tion differences between two pathogens that were due to differences in the
rates of disease development would be masked by the asynchronous and variable
disease development that occurs in commercial storages. Lf the differences
in the volatile production patterns of the C. sepedonicum and E., carotovora
that stemmed from the different rates of disease development were ignored,
many aspects of the volatile profiles, i.e. X volatile production, volatile
production versus controls, and chromatogram complexity were relatively
similar.

The volatile profiles of the two pathogens featured a number of
commonly shared metabolites, but each pathogen produced one or more unique
peaks, relative to the other infection. Perhaps most importantly, the
relative ratios of the metabolites in the respective profiles were consis-
tently different. Although more comparisons are needed, it is these types
of stable differential factors that would have the greatest potential as
means of distinguishing between the volatile profiles of E. carotovora and

C. sepedonicum outbreaks in commercial storages.
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SUMMARY

Headspace Sampling System

Direct sampling via a gas-tight syringe yielded accurate representative
information on the composition of the headspace atmospheres tested, but was
only useful in situations that allowed the accumulation of unrealistically
elevated levels of the volatile metabolites. Under all operating conditions
encountered in this study, the volatile absorbent Chromosorb 105 was found
to be very effective as a means of trapping and concentrating the volatiles
from larger samples of headspace. Utilizing an insert/liner as a trap pro-
duced a highly desirable one-step trapping/injection procedure. Flexible
gas-tight bags proved to be superior to glass containers as both headspace

confinement vessels and disease incubation chambers.

Volatile Production

A number of quantitative and qualitative changes occurred in the volatile
profiles of potatoes during the development of an E. carotovora infection.
Elevated volatile production levels were detected very early in the develop-
ment of the infection., Total volatile production increased exponentially
as the disease spread. A wide range of low molecular weight organics were
identified in the volatile profiles (aldehydes, ketones, and alcohols).

The number of compounds detected in the volatile profiles tended to increase
as the infections developed. Different relative amounts of the individual

compounds were produced at various stages during the progression of the

infection.
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Total volatile production/unit time was the most dependable means of
differentiating between healthy and diseased tubers on the basis of their
volatile production characteristics. A number of the volatiles identified
in the diseased profiles were also produced by healthy potatoes (both
wounded and non-wounded) but, on the average, the profiles of the diseased
treatments featured more peaks than the controls. Comparisons of the rela-
tive importance of the individual metabolites in the diseased and healthy
profiles were difficult due to variable results.

The volatile production characteristics of E. carotovora var. carotovora
and E. carotovora var. atroseptica infections were very similar when rearing
conditions were suitable for the growth of both pathogens. Different strains
of the E. carotovora bacteria produced similar volatile outputs, although
small differences in the relative growth rates of the pathogens were reflected
in their volatile production.

The volatile production characteristics of both healthy and E. carotovora
infected 'Norland' and 'Russet Burbank' potatoes were very similar.,

A number of factors which influenced the rate or pattern of disease
development consequently influenced the volatile characteristics of the infec~
tions. Increasing the inoculum size hastened disease development, changing
the rate of volatile production/unit time, but not the overall volatile pro-
duction pattern. The rate of volatile production by both diseased and healthy
treatments was strongly influenced by the incubation temperature. The range
of metabolites recorded in the profiles was not affected by the temperature
but the relative abundance of the various compound was to some extent tempera-
ture dependent. Temperature related differences in the rate of development
of E. carotovora var. carotovora and E. carotovora var. atroseptica infections

were reflected by quantitative and qualitative differences in their volatile

profiles.
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The volatile profiles of E. carotovora and C. sepedonicum infections
differed in many respects. Total volatile production/unit time was much
lower in the C. sepedonicum infection, which reflects the slower development
of the pathogen. The C. sepedonicum profiles lacked a number of the com-
pounds isolated in the E. carotovora profiles, but the C. sepedonicum
infection also featured one unique diagnostic compound. The relative impor-
tance (PTPA values) of the individual peaks in the C. sepedonicum profiles

were clearly different from the same peaks in the E, carotovora profiles.
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CONCLUSION

Total volatile production appeared to be the most consistent and reliable
of the volatile production factors as an indicator of the development of an
E. carotovora infection. The various other factors were either not disease
specific (i.e. peak presence, peak number) or were excessively influenced
by variability in disease development, temperature conditions, etc. (i.e.
relative peak area). In commercial storages, two volatile monitoring strat-
egies could be employed based on the total volatile production/concentration:
1) assuming that baseline volatile production/concentration levels could be
determined for a 'healthy' storage the presence of any E, carotovora
induced decay would be indicated by volatile production above baseline levels.
However, determining a stable baseline would be difficult due to changes with
the year, the load, the cultivar, the temperature, etc. Additionally, the
volatiles produced by the E. carotovora infections could be confused with the
elevated outputs produced by the wounding, handling, or sprout-inhibition
treatment of the tubers. 2) The more dependable strategy involves the pro-
gressive monitoring of the volatile production of the potatoes throughout the
storage period. The development of any E. carotovora infections would bé
detected by the resulting steady rise in the total volatile production/concen-
tration in the storage. The previously mentioned causes of volatile produc-
tion (wounding, sprout inhibition) would not produce this steady rise in

volatile production.



262

LITERATURE CITED
Abramson, D., R.N, Sinha and J.T. Mills, 1980. Mycotoxin and odor formation
in moist cereal grain during granary storage. Cereal Chem. 57:346-357.
Adamson, -J.A., A.J. Francis, J.M. Duxbury and M. Alexander, 1974, Formation
of volatile organic products in soils under anaerobiosis. (1) Metabolism

of glucose. Soil Biol. Biochem. 7:45-50.

Agrios, G.N., 1967. Plant Pathology. Academic Press New York. 629 pp.

Aleck, J,R. and M.D, Harrison, 1978. The influence of inoculum density and
environment on the development of potato blackleg. Am. Potato J,
55:479-494.,

Anonymous, 1977. Potato storage. Potato Growers of Idaho 6:6-21.

Anson, T.A., 1977. Characterization of porous polymers as chromatographic
absorbants. JAOCS 54:146-154%.

Barnes, R.D., L.M. Law and A.J. MacLeod, 1981, Comparison of some porous
polymers as absorbants for collection of odour samples and the applica-
tion of the technique to an environmental malodour. Analyst 106:412-418.

Bergey, D.H., 1974. Bergev's Manual of Determinative Bacteriology. Williams
and Wilkins Co. Baltimore, 1268 pp.

Bertsch, W., R.C. Chang and A, Zlatkis, 1974. The determination of organic
volatiles in air pollution studies: Characterization of profiles.
J. Chromatog. Sci., 12:175-182.

Bertsch, W., E. Anderson and G. Holzer, 1974. Trace analysis of organic
volatiles in water by gas chromatography mass spectrometry with glass
capillary columns, J. Chromatogr. 41:701-713.

Bertuccioli, M. and G. Montedoro, 1974. Concentration of headspace volatiles
above wine for direct chromatographic analysis. J. Sci, Fd. Agric.
25:675-687.

Boyko, A,L., M.E. Morgan and L.M, Libbey, 1978. "Porous polymer trapping
for GC/MS analysis of vegetable flavors', in Analysis of Foods and
Beverages, Headspace Techniques, ed. by G. Charlambous, Academic Press,

New York pp. 57-79.

Brown, D.F., F.G. Dollear and H.P. Dupuy, 1972. Direct gas chromatographic
analysis of volatiles from raw and roasted peanuts. JAOCS 49:81-82,



263

Burr, T.J. and M.N. Schroth, 1977. Occurrence of Erwinia spp. in soil and
plant material, Phytopathology 67:1382-1387.

Burton, W.G. and M.J. Wigginton, 1970. The effect of a film of water upon
the oxygen status of a potato tuber. Potato Res, 13:150-186,

Butler, D. and M.F. Burke, 1976. Chromatographic characterization of porous
polymers for use as absorbents in sampling columns. J. Chromatogr.
Sci. 14:117-122,

Charlambous, G. (ed.), 1978. Analysis of Foods and Beverages, Headspace
Techniques. Academic Press, New York. pp. 39%%.

Clark, R.G. and D.A, Cronin, 1975, The use of activated charcoal for the
concentration and analysis of headspace vapours containing food aroma
volatiles. J. Sci. Fd. Agric. 26:1615-1624.

Cole, R.A,, 1980. The use of porous polymers for the collection of plant
volatiles. Soc. Chem. Ind, :1242-1249.

Dave, S.B., 1969. A comparison of chromatographic properties of porous
polymers., J. Chromatogr. Sci. 7:389-396.

Day, P.R., 1979, 'The genetic base of epidemics"” in Plant Disease. ed. by
J.G., Horsfall and E.B. Cowling, Academic Press, New York. pp. 263-283.

DeBoer, S.H. and A. Kelman, 1975. Evaluation of procedures for detection
of pectolytic Erwinia spp. on potato tubers. Am. Potato J.
52:117-123.

Dravneiks, A., H.G. Reilich, J. Whitfield and C, Watson, 1973. Classifica-
tion of corn odor by statistical analysis of gas chromatographic
patterns of headspace volatiles. J. Food Sci. 38:34-42,

Dupuy, H.P., M.L. Brown, M.G. Legendre, J.I. Wadsworth and E.T, Rayner,
1978, Instrumental analysis of volatiles in food products. J. Am.

Chem. Soc., 75:60-67.

Dye, D.W., 1968. A taxonomic study of the genus Erwinia II, the
carotovora group. New Zealand J. Sci, 12:81-97.

Flath, R.A., R.R. Forrey and R. Teranishi, 1969. High resolution vapor
analysis of fruit variety and vegetable product comparisons. J. Food
Sci, 34:382-386.

Goto, M. and N, Okabe, 1958. Studies on the strains of Erwinia carotovora
V antigenic structures of soma, their relation to biochemical properties
and heat inactivation of agglutinins. Bull. Fact. Agr. Shizuoka Univ.

8:1-31.

Graham, D.C., 1964. Taxonomy of the soft rot coliform bacteria. Ann. Rev.
Phytopath, 2:13-42.



264

Graham, D.C., 1972. "Identification of soft rot coliform bacteria' in
Procedings of the Third International Conference of Plant Pathogenic
Bacteria. ed. by H.P. Maas Geesteranus. PP. 219-224,

Harrison, M.D. and L.W. Nielsen, 198l. "Blackleg, bacterial soft rot" in
Compendium of Potato Diseases. ed. by W.J. Hooker. American
Phytopathological Society. PP. 27-29.

Hayward, A.C., 1974. Latent infections by bacteria. Ann. Rev. Phytopathol,
12:87-97.

Heath, H.B., 1978. Flavor Technology: Profiles, Products Applications.
Avi Publishing, Westport. 542 pp.

Henis, Y., J.R., Gould and M. Alexander, 1966, Detection and identification
of bacteria by gas chromatography. Appl. Micro. 14:513-524.

Hooker, W.J., 1978. 'Bacterial soft-rot". in Diseases of Vegetable Crops.
ed, by P.R. Brown and E. Shank. Pergammon Press, Philadelphia,
pp. l4-21.

Hooker, W.J., 1979. '"Bacterial diseases in storages' in Postharvest
Physiology and Storage Losses in Vegetable and Fruit Crops. ed. by
R. Hall, W.B. Saunders Co., Philadelphia. pp. 466-474,

Hooker, W.J., 1981, 'The potato' in Compendium of Potato Diseases. ed. by
W.J. Hooker, American Phytopathological Society. pp. 1-5,

Hougen, F.W., M.A, Quilliam and W.A. Curran, 1971, Headspace vapors from
cereal grains, J. Agr. Food Chem. 19:182-183.

Jennings, W.G., R.H. Wohleb and M.J. Lewis, 1974, Isolation of volatile
compounds for GLC analysis. MBAA Technical Quarterly 11:104-109.

Kaminski, E., L.M, Libbey, S. Stawicki and E. Wasowicz, 1972. Identification
of the predominant volatile compounds produced by Aspergillus flavus.
Appl. Micro. 24:721-726.

Kaminski, E., S. Stawicki, E. Wazowicz and R, Przybylski, 1973. Detection
of deterioration of grain by gas chromatography. Ann. Technol. Agric.
22:401-407.

Khan, I., K. Muller and H. Warmbier, 1977, Effect of variety and fertiliza-
tion on the spectrum of volatile aroma compounds of potatoes. Potato
Res. 20:235-242,

Knorr, L.C., 1948. Suscept range of the potato ring rot bacterium, Am,
Potato J. 25:361-371.

Kolb, B., 1976a. Application of an automated headspace procedure for trace
analysis by gas chromatography. J. Chromatogr. 122:553-568.



265

Kuo, P.P., E,S. Chian, F.B. DeWalle and J.H, Kim, 1977. Gas stripping,
sorption, and thermal desorption procedures for preconcentrating
volatile polar water-soluble organics from water samples for analysis
by gas chromatography. Anal. Chem. 49:1023-1029.

Lammana, C. and M.F. Mallette, 1959. Basic Bacteriology: Its Biological
and Chemical Backgrounds. 2nd ed. Williams and Wilkins Co., Baltimore,

1262 pp.

Lazur, I, and E. Bucur, 1964. Recent research in Romania on blackleg and
bacterial soft rot of potato. Europ. Potato J. 7:102-111.

Lee, L.S., A,F. Cucullu and W.A. Pons, 1973. Gas-liquid chromatographic
detection of actively metabolizing Aspergillus parasiticus in peanut
stocks. J. Agr. Food Chem. 21:470-473.

Levins, R.J. and R.M. TIkeda, 1968, The separation of volatiles from solids
in the injection port of a gas chromatograph, J. Gas Chromatogr.
6:331-336.

Lichovitch, L., H. Lovrekovich and M.A, Stahmann, 1967. The importance of
perfioxidase in the wildfire disease. Phytopath. 58:193-198.
oy
Lund, B.M. and J.C. Nichols, 1970. Factors influencing the soft-rotting
of potato tubers by bacteria. Potato Res. 13:210-214.

Lund, E.D. and H.L. Dinsmore, 1981, '"Determination of citrus volatiles by
headspace analysis' in Analysis of Foods and Beverages, Headspace
Techniques. ed. by G. Charalambous, Academic Press, New York.,
pp. 135-185,

MacKay, D.A, and M.M. Hussein, 1978. "Headspace techniques in mouth odor
analysis" in Analysis of Foods and Beverages, Headspace Techniques.
ed, by G. Charlambous, Academic Press, New York. pp. 283-357.

Manzer, F. and H. Genereux, 1981. '"Ring rot" in Compendium of Potato
Diseases. ed. by W.J. Hooker, American Phytopathological Society.

pp. 31-32.

Meigh, D.F., A.A. Filmer and R. Self, 1973. Growth-inhibitory volatile
aromatic compounds produced by Solanum tuberosum tubers. Phytochem.
12:897-993.

Mieure, J.P. and M.W. Dietrich, 1973, Determination of trace organics in
air and water. J. Chromatogr. Sci. 11:559~-566.

Muir, W.E., 1974. 'Temperature and moisture in grain storages' in Grain
Storage - Part of a System. ed, by R.N. Sinha and W.E., Muir, Avi
Publishing Co., Westport, Conn. PpP. 49-70.

Murray, A.E., 1977. Concentration of headspace, airborne and aqueous
volatiles on Chromosorb 105 for examination by gas chromatography and
gas chromatography-mass spectrometry. J. Chromatogr. 135:49-60.



266

Nash, M,J., 1978. Crop Conservation and Storage in Cool Temperature Climates.
Pergamon Press, Toronto. 393 pp.

Nawar, W.W. and I.S. Ferguson, 1962. Technique for collection of food vola-
tiles for gas chromatographic analysis., Analy. Chem, 32:1534-1535,

Nelson, R.R., 1978, "The evolution of parasitic fitness'". in Plant Disease.
ed. by J.G, Horsfall and E.B. Cowling, Academic Press, New York.
ppo 23-460

Perembelon, M.C.M., 1969. The biology of contamination of the potato tuber
by soft rotting Erwinia spp. Proc. Fourth Trienn. Conf. Eur. Assoc.
Potato Res. Wageningen. pp. 196-197.

Perembelon, M.C.M., 1973. Sites of contamination and numbers in Erwinia
carotovora present in stored potato stocks in Scotland. Ann. Appl.
Biol., 74:59-65,

Perembelon, M.C.M., 1974. The role of the seed tuber in the contamination
by Erwinia carotovora of potato crops in Scotland. Potato Res. 17:
187-199.

Perembelon, M.C.M, and A. Kelman, 1980. Ecology of the soft rot erwinias.
Ann. Rev. Phytopathol. 18:361-387.

Perembelon, M.C.M, and R. Lowe, 1975, Studies on the initiation of bacterial
soft rot in potato tubers. Potato Res. 18:64~82.

Perembelon, M.C.M., J. Gullings-Handley and A. Kelman, 1979. Population
dynamics of Erwinia carotovora and pectolytic clostridia in relation to
decay of potatoes. Phytopathol. 69:167-173.

Poff, L.M., 1979. Incidence of Erwinia carotovora within Manitoba potatoes
and the effect of low temperatures on the in vitro growth and soil
survival of the bacteria. Unpublished M.Sc. Thesis, University of

Manitoba. 98 pp.

Rasekh, J, and A. Kramer, 1971, Gas chromatographic profiles of stored
carrots. J. Amer. Soc, Hort. Sci. 96:572~-575.

Richard-Molard, D., B. Cahagnier, J. Poisson and R, Drapron, 1976.
Evolution comparees des constituants volatils et de la microflore de
mais stockees sous differentes conditions de temperature et d'humidite.

Ann. Technol. Agric. 25:29-44.

Roberts, J.A., G. Linkletter, G. Misener and D. Allen, 1976. Bulk Potato
Storage. Canada Department of Agriculture Publication 1508. 49 pp.

Salunkee, D.K. and J.Y. Do, 1976. Biogenesis of aromatic constituents of
fruits and vegetables., Crit. Rev, Food Sci. Nutr. 8:161-190.

Schaper, L.A., and J.L. Varms, 1978, Carbon dioxide accumulation and flushing
in potato storage bins. Am. Potato J. 55:1-14.



267

Self, R., 1967. "Volatile compounds produced by vegetable crops" in
The Chemistry and Physiology of Flavors. ed. by H.W. Schultz, E.W.
Day and L.M, Libbey, Avi Publishing. pp. 362-374.

Sheparo, J.F. and L.E. Chaflin, 1975. Critical analysis of the principles
of seed potato certification. Ann. Rev. Phytopath., 13:271-293.

Sinha, R.N. and H.A.H, Wallace, 1965. Ecology of insect-induced hot spots
in stored grain in Western Canada. Res. Popul. Ecol., 8:107-132.

Sparks, W., 1979. Storage checklist. Potato Grower of Idaho 8:14-17.

Stanier, R.Y., E.A. Adelburg and J. Ingraham, 1976. The Microbial World.
Prentice-Hall, Inc., New Jersey. 871 pp.

Stanghellini, M.E. and J.C. Meneley, 1975, Identification of soft rot
Erwinia associated with blackleg of potato in Arizoma., Phytopath.
65:86=-87.

Starr, M.P., 1959. Bacteria as plant pathogens. Ann. Rev. Microbiol,
13:211-238.

Starr, M.P. and A.K. Chatterjee, 1972. The genus Erwinia: Enterobacteria
pathogenic to plants and animals. Ann. Rev., Microbiol. 26:389-426,

Stevens, R.B., 1974. Plant Disease. Ronald Press Co., New York. 459 pp.

Supina, W.R. and L.P. Rose, 1969. Comparison of Porapak and Chromosorb
porous polymers. J. Chromatogr. Sci, 7:192-201.

Vanhaelan, M., R. Vanhaelan-Fastre and J. Geeraerts, 1977. Isolation
and characterization of trace amounts of volatile compounds affecting
insect chemosensory behavior by combined pre-concentration on Tenax GC
and gas chromatography. J. Chromatogr. 144:108-112.

Varns, J.L., 198l. Soft rot detection in potato storages. Valley Potato
Grower 6:17-19.

Varns, J.L. and M.T. Glynn, 1979. Detection of disease in stored potatoes
by volatile monitoring. Am. Potato J. 56:185-197.

Varns, J.L. and L.A. Schaper, 1981, Carbon dioxide monitoring in potato
storages. Valley Potato Grower 6:19-21.

Vasavada, P.C. and D.A, Lillard, 1979. Comparative analysis of fresh and
stored commercially cultured buttermilk by gas chromatography. J.
Chromatogr. Sci. 17:215-218.

Willie, S.G., S. Alves, M. Filsoof and W.G. Jennings, 198l. "Headspace
sampling: Use and abuse" in Analysis of Foods and Beverages, Headspace
Techniques. ed. by G. Charalambous, Academic Press, New York. pp. 1-15.

Zlatkis, A., H.M, Liebich and W. Bertsch, 1971. Profile of volatile meta-
bolites in human urine. Clin. Chem. 17:592-597.



268

Zlatkis, A., W. Bertsch, D.A, Bafus and H.M. Liebich, 1972. Analysis of
trace volatile metabolites in serum and plasma. J. Chrom. 91:379-383.

Zlatkis, A., H.A, Lichtenstein and A. Tishbee, 1973a, Concentration and
analysis of trace volatile organics in gas and biological fluids with
a new solid adsorbent. Chromatographia 6:67-70.

Zlatkis, A., H.A. Lichtenstein, A. Tishbee, W. Bertsch, F. Shonbo and H.M.
) Liebich, 1973b., Concentration and analysis of volatile urinary
metabolites. J. Chromatogr. Sci. 11:300-303.



269

APPENDICES



270

APPENDIX 2a. Analysis of variance for mean of total of peak
areas! averaged over the incubation period for two culti-
vars of potato treated with E. carotovora var. carotovora,
E. carotovora var. atroseptica, and control treatments.

Source of

variation D.F. S.S. M.S. F-Ratio
Disease (D) 2 12.961 6.481 498, 538%F
Cultivar (C) 1 0.001 0.001 0.077N-5.
DXC 2 0.111 0.056 4.308N-5.
Error 8 0.105 0.013

Total 13 13.178

%k
Significant at the 1% level.

N. S.
Not significant at the 5% level,

1)Log of sum of all individual peak areas.

APPENDIX 2b. Analysis of variance for mean number of peaks/
chromatogram averaged over the incubation period for two
cultivars of potato with E. carotovora var. carotovora,
E, carotovora var, atrogeptica, and control treatments.

Source of

variation D.F. S.S. M.S. F~Ratio
Disease (D) 2 40.042 20,021 22,345%%
Cultivar (C) 1 0.001 0.001 0.001N-S.
DXC 2 1.865 0.932 1.040N.S-
Error 8 7.165 0.896

Total 13 49,073

**hifferences significant at the 1% level.

N'S°Differences not significant at the 5% level.
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Analysis of variance for means of total of

averaged over the incubation period for

two cultivars of potato inoculated with E. carotovora
var. carotovora and E. carotovora var. atroseptica,

Source of

variation D.F, S.S. M. S. F-Ratio
Disease (D) 1 1.403 1.403 1.271N-8.
Cultivar (C) 1 1.495 1.495 1.354N. 5.
DXC 1 .368 .368 0.333N.S.
Error 4 4,416 1.104

Total 7 7.682

N'S'Differences not significant at the 5% level.

1)Log of sum of all individual peak areas.

APPENDIX 3b,

Analysis of variance for mean number of peaks/

chromatogram for 'Russet Burbank' and 'Norland' tubers
inoculated with E. carotovora var. carotovora or E.
carotovora var., atroseptica.

Source of

variation D.F. S.S. M, S. F-Ratio
Disease (D) 1 30.9 30.9 6.3N:S.
Cultivar (C) 1 2.6 2.6 0.5N.S.
DXC 1 0.3 0.3 0.1N-S.
Error 4 19.6 4,9

Total 7

N'S'Differences not significant at the 5% level.



APPENDIX 6a.
of peak areas

Anal

1

sis of variance for means of total
averaged over the incubation

period for two cultivars of potato inoculated with
two strains of E. carotovora var. atroseptica and
three strains of E. carotovora var. carotovora.

Source of

variation D.F. S.S. M.S. F~Ratio
Disease (D) 4 10.583 2,636 47,077
Cultivar (C) 1 0.173 0.173 3.09N.S.
CXD 4 0.583 0.146 2,61N-S.
Error 10 0,557 0.056

Total 19 11.897

%
Significant at the 1% level.

N'S'Not significant at the 5% level,

Log of sum of all individual peak areas.
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APPENDIX 6b. Mean number of peaks/chromatogram averaged
over the incubation period for two cultivars of
potato inoculated with two strains of E. carotovora
var. atroseptica and three strains of E. carotovora
var., carotovora,

Source of

variation D.F. s.S. M.S. F-Ratio
Disease (D) 4 54,27 13.57 24,89
Cultivar (C) 1 1.75 1.75 3,20N-5.
CXD 4 5.84 1.46 2,67N- 5.
Error 10 5.45 0.55

Total 19 67.31

**Significant at the 1% level.

N'S'Not significant at the 5% level,
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APPENDIX 7a. Analysis of variance means of total of peak
areas! averaged over the incubation period for a
mixed E. carotovora infection held at three incubation

temperatures.

Source of

variation D.F. S.S. M. S. F~Ratio
Disease (D) 1 3.379 3,379 33,79%%
Temperature (T) 2 1.504 0.752 7.52%%
DXT 2 0.118 0.059 0.59N.S.
Error 11 1.103 0.100

Total 16 6.104

Kk
Significant at the 1% level.

N.S

‘Not significant at the 5% level.,

Log of sum of all individual peak areas.



APPENDIX 7b. Analysis of variance for mean number of peaks/
chromatogram averaged over the incubation period for a
mixed E, carotovora infection held at three incubation

temperatures,

Source of

variation D.F. S.S. M.S. F-Ratio
Disease 1 17.43 17.43 91,7%*
Temperature 2 11.09 5.54 29,2%%
DXT 2 0.36 0.18 0.9N-S.
Error 11 2.08 0.19

Total 16 30.96

** 3 r 3
Significant at the
N.S

1% level.

‘Not significant at the 5% level.
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APPENDIX A. Relationship between temperature and the vapor
pressures of organic compounds.

The vapor pressure of organic compounds at different teﬁperatures

may be derived from the equation:

LogjoP = (-0.2185 A/K) + B

where:

g
L]

Vapor pressure in torrs.

Temperature in degrees Kelvin.

» W
f

Molar heat of vaporization in calories/gram mole.

w
n

A constant specific to the individual compounds.





