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(ABSTRACT)

Precipitation over the eastern United States has

been increasing in acidity, particularly within the last

three decades. The average annual pH of rain in this

area is about 4.2. The foliar surface, or phylloplane,

of soybean can be damaged by rain acidified to pH 2.9.

Simulated acidic precipitation has an overall inhibitory

influence on soil microbial processes. The effect acidic

precipitation may have on epiphytic microorganisms has

not been examined. Bacteria are among the most numerous

residents on the phylloplane. Two common epiphytic

bacteria found on a diverse array of plants across the

United States are E§§!d9!Qn§§ §Y§inE§§ PV- §Y£ln8§e end

Qgwigig hggbigglg. Certain strains of these bacteria can

serve as ice nucleators by forming ice crystals in water

between the temperatures of -2 and -5 C on plants. Ice

nucleation active strains of P. s. pv. sygiggag and g.



hggbigglg were used in this investigation. Following

inoculation of these INA bacteria onto soybean leaf

surface, and exposure to artificial rain solution

adjusted to pH 3.0, 4.0 and 5.6, the population dynamics

of Q. g. pv. gygigggg responded differently than E.

hggbigglg. The optimal growth for Q. g. pv. gygiggag

occurred in response to pH 5.6 mist while optimal growth

for §. hggbiggla occurred in response to pH 3.0 and 4.0

mist compared to pH 5.6 mist. The ice nucleation

activity cf E- s- pv- ayziasas aad E- bczäicala
increased in response to pH 3.0 and 4.0 mist compared to

pH 5.6 mist. Results from this investigation indicate

that E. hggbigglg is a better colonizer on leaf surfaces

exposed to mist acidified to pH 3.0 or 4.0, and that

both Q. g. pv. sygigggg and §. hggbiggla became more

active as ice nuclei in response to these same pH

mistings. .
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INTRODUCTION

In the United States increasing attention is being focused

toward the interaction between anthropogenic pollution and the

environment. Acid rain, originating primarily from man’s

increasing use of fossil fuels, and its effect on the environment

is one such area that has become a major concern in the last

decade. The effect that increasing acidity in precipitation is

having on various ecosystems has been contested in the scientific

and political communities.

It is possible that acidic precipitation may affect plants

directly, indirectly, or both. In agriculture, for example, if

crops are relatively tolerant to acidic precipitation but

pathogens which cause diseases more sensitive, acidic

precipitation may be beneficial by reducing disease incidence

and/or disease development. Acidic precipitation may also

influence microorganisms that colonize root or leaf surfaces.

These microorganisms may be involved in defense mechanisms of

plants by protecting these surfaces from infection and

colonization by potential pathogens. The phylloplane and its

epiphytic microflora, more so than the rhizoplane, is influenced

directly by precipitation.

]



LITERATURE REVIEW

Precipitation over the eastern United States has been

increasing in acidity as a result of anthropogenic emissions of

sulfur and nitrogen compounds into the atmosphere (Junge and

Werby, 1958; Likens and Bormann, 1974). This increase in acidity

is believed to have begun soon after 1950 (Likens and Bormann,

1974). The primary anions found in rain are SO42“ and NO3‘ (Junge

and Werby, 1958; Fisher et al., 1968; Overrein, 1972; Likens and

Bormann, 1974; Lepp and Fairfax, 1976) and the major cation is H’

(Likens and Bormann, 1974). The pH of normal rain has been

estimated to be 5.7 based on the solubility of atmospheric carbon

dioxide in water and the subsequent formation of carbonic acid

(Lepp and Fairfax, 1976). Over much of the eastern United States,

however, the average annual pH of rain is about 4.2 (USEPA, 1984}.

In the soil and rhizosphere, simulated acid rain has an

overall inhibitory influence on microbial processes (Strayer and

Alexander, 1981). Soil microbial processes, which makes nitrogen

and carbon available for assimilation, decreased as a result of

short—term exposure to simulated acid rain of pH 3 and 4 Qkillham

et al., 1983). Acidic precipitation is also responsible for the

leaching of ionic nutrients, such as calcium, magnesium,

phosphorous, and iron (Overrein, 1972; Killham et al., 1983}. In

soil subjected to increasing acidity, aluminum and heavy metal

ions, which are toxic to many plants, can be released (Tamm,

2
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1976). The ability of kidney bean (Phaseolus vulgaris L.) and

soybean plants [Glycine ma; (L.) Merr.}, inoculated with Rhizobium

to form nodules was inhibited by 73% when exposed to simulated

acid rain of pH 3.2 (Shriner and Johnston, 1981).

The effect acid rain may have on the epiphytic microflora of

the phylloplane has not been examined entensively. The term

"epiphyte" is defined as those bacteria, pathogenic and

nonpathogenic, capable of colonizing a particular phylloplane.

Shriner (1978) found that the incidence of halo blight increased

42% on kidney bean plants treated with simulated acid rain of pH

3.2 compared to plants receiving pH 6.0 rain, if rain was applied

before inoculation with Pseudomonas syringae pv.phaseo1ico1a

(Burk.) Dows. No infection occurred when the bacteria were treated

with pH 3.2 simulated acid rain for 2 h prior to inoculation. When

simulated acid rain at pH 3.2 was applied to the plants after

inoculation, halo blight was inhibited by 22% compared to plants

receiving pH 6.0 simulated rain. Shriner (1978) concluded that

kidney bean plants exposed to artificial acidic rain solutions,

prior to inoculation, became predisposed to disease development,

perhaps by foliar injury resulting directly from the hydrogen ion

concentration at pH 3.2; and that exposure to acidic rain after

inoculation reduced disease development. In his studies, Shriner

(1978) evaluated disease incidence and severity, root and shoot

fresh weights, bean pod length, and root nodule number. However,

no consideration was given to the population dynamics of Q. s. pv.

· phaseolicola. An estimate of epiphytic pathogenic bacterial

populations would have been very useful when considering disease
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incidence (Leben et al., 1968; Lindow et al., 1978b; Hirano, et

al., 1982). Gaseous SO2, like some .fungicides and insecticides, ‘

can selectively sterilize a leaf surface by altering the

microflora and microfauna thereby eliminating sensitive microbes

and providing additional living space for resistant microbes
i

(Saunders, 1971). Laurence and Reynolds (1984) exposed kidney bean

plants (E. vulgaris) to SO; (at varying concentrations), either

before or after application of Xanthomonas phaseoli (E. F. Smith)

Dows., and concluded that the epiphytic populations of Ä. phaseoli

were not significantly affected. The possible alteration of leaf

surfaces, in response to simulated acid rain or SO2, may influence

the epiphytic microflora on the phylloplane.

The response of vegetation, exposed to acid rain, may vary

widely among different plant species (Evans and Curry, 1979;

Neufeld et al., 1985). Evans et al. (1977), reported that

simulated acid rain of pH 2.7 caused lesion formation on the

adaxial leaf surfaces of kidney bean (Q. vulgaris) and sunflower

(Helianthus annuus L.) compared to plants sprayed with simulated

rain of pH 5.7. Soybean plants, as well as several other different

species, have been shown to develop injury near vascular tissues

and trichomes in response to simulated acid rain (Evans and Curry,

1979). Raindrops aggregated along veinal and marginal areas of

soybean leaves causing the greatest amount of lesions near leaf

margins, perhaps due to the evaporation of water and subsequent

increase in the acid concentration (Evans and Curry, 1979).

. Simulated acid rain of pH 3.1 and 2.5 caused a decrease in the dry

mass of soybean leaves and in leaf enlargement (Evans and Lewin,
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‘ 1981).

The most numerous microbial residents of the phylloplane are

species of fungi and bacteria. A significant number of these

microorganisms may be pathogenic to the particular host, on which

they are residing, but incite no disease in the resident phase and

can thus be considered as facultative pathogens (Lacy, Personal

Communication). In this resident phase, these facultative

pathogens and other saprophytic microbes may protect the plant

from other pathogens by direct parasitism, production of

antibiotics, production of acidic substances, competition for

nutrients, or stimulation of the host’s defensesi (Blakeman and

Brodie, 1976; Blakeman, 1982).

The predominant bacterial species on the phylloplane consist

of the four gram—negative genera: Erwinia, Pseudomonas,

Flavobacterium, and Xanthomonas (Blakeman and Brodie, 1976). As

previously mentioned, the effect acidic precipitation may have on

these epiphytic bacterial populations has not been examined. Due

to the importance of free water for replication, growth and

dispersal of bacteria, the pH of free water on the leaf surface

may be a critical factor in determining the population dynamics of

epiphytic bacteria. The effect that acid precipitation may have on

the population dynamics of epiphytic bacteria may vary with the

phase (e.g. survival, pathogenic or saprophytic) of a bacterial

species. Bacterial cells in the survival, or hypobiotic phase, are

more resistant to inhibitors and other harmful conditions than

actively growing cells (Leben, 1981}. Lacy et al. {1981), studied _

the effects of simulated acidic rain solution on Erwinia herbicola
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(Lohnis) Dye and Pseudomonas syringae pv. syringae Van Hall. They

found no colony-forming units (CFU) of these bacteria after

exposure to acidified water (pH 2) for 50 minutes and the CFU were

depressed significantly at pH 3 compared to pHs 4, 5, 6, and 7.

Two common epiphytic bacterial organisms which occur on a

diverse array of healthy plants across the United States,

excluding conifers, are Q. s. pv. syringae and _§. herbicola
I

(Leben et al., 1970; Leben and Miller, 1973; Billing, 1976; Lindow

et al., 1978a). The pathovar (pv.) 'syringae’ will be used through

out this paper to describe E. syringae provided the author(s) have

described ice nucleation activity (INA), pathogenicity or

colonization characteristics similar to E. s. pv. syriggag

(Doudoroff and Palleroni, 1974). Certain strains of E. s. pv.

syringae and E. herbicola can serve as ice nucleators by forming

ice crystals in water between the temperatures of -2 and -5 C on

plants (Lindow, 1982a). By initiating ice formation, these

bacterial species limit supercooling (ability of a liquid to cool

below its freezing point without causing solidification) in the

plants on which they reside. Ice nucleation active (INA) bacteria

have a primary role in limiting the supercooling and thus causing

frost damage to frost-sensitive plants in nature since these

plants do not have intrinsic ice nuclei active at temperatures

above -5 C (Lindow et al., 1978c). However, frost—tolerant plants

may not be damaged by the presence of INA bacteria, rather these

INA bacteria may increase the survival of frost—tolerant plants.

Frost-tolerant plants, such as potato (Solanum tuberosum L.),

possess a frost hardiness potential enabling them to avoid
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nonequilibrium ice formation in intercellular spaces by the

initiation of ice formation at temperatures close to 0 C

(Rajashekar et al., 1981). Ice nucleation active bacteria may

protect these plants by catalyzing slow, nondamaging ice formation

at temperatures close to 0 C for plants which otherwise do not

possess the ability to initiate ice formation above -5 C (Zagory,

et al., 1986).*

Generally, on phylloplanes, about 0.1 to 10.0% of the total)

bacterial epiphytic population are INA bacteria (Lindow, 1982a).

Ice nucleation active bacteria are distributed, presumedly,

worldwide (Lindow, 1982a). When sampling naturally occurring

populations of INA bacteria in Wisconsin, Lindow et al. (1978a),

found different populations of INA bacteria coexisting, but not in

equal numbers. Pägudgmgggg syringae predominated in the early part

of the growing season while E. herbicola predominated, in some

samples, after 1 July (Lindow et al., 1978a). On corn leaves,

populations of__§. herbicola INA bacteria ranging from 105 to 105

cells/g fresh weight were sufficient to inhibit the plants ability

to supercool and thus caused frost damage at -4 C (Lindow et

al., 1976b). Gross et al. (1983), monitoring INA bacteria

populations in two Pacific Northwest fruit tree orchards, did not

observe a uniform distribution of INA bacteria and found only P.

syringae present. They concluded that, due to the presence of low

populations in most of the orchards surveyed during periods of

critical air temperature (i.e., -2 to -5 C), INA bacteria have a

limited role in frost susceptibility of most Pacific Northwest

orchards. Gross et al. (1983) noted that INA bacteria, although
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not detected in many orchards, may have been present in protected

areas on vegetative tissues where adequate moisture and nutrients

are available (e.g. trichomes and possibly substomatal cavities),

from which they can rapidly multiply under suitable environmental

conditions (Leben, 1981). Bacteria associated with annual

agricultural plants survive from season to season with seed or

propagative plant parts, plant debris or in soil (Leben, 1981).

Paulin and Luisetti (1978), testing epiphytic bacteria from

deciduous fruit trees, found most (87%) of the Q. syringae strains

active as ice nuclei at -4 C but no INA Q. herbicola strains in

the 52 strains tested. Most Q. herbicola strains (approximately

60%) isolated from field samples are not active as ice nuclei

(Hirano, personal communication).

Bulked sampling is a comon method for determining foliar

epiphytic bacterial populations (Hirano, et al., 1982). This type

of sampling can be used to quantify epiphytic bacteria]

populations over time or environmental parameters (Mew and

Kennedy, 1971; Lindow et al., 1978a; Mew and Kennedy, 1982).

Bulked samples have ranged from 4 to as many as 192 leaves per

sample (Crosse, 1959; Leben et al., 1968). Compared to individual

leaf sampling, the bulked sample does have disadvantages,

particularly in the case of estimating populations of INA

bacteria. A bulked sample from a particular crop gives an estimate

of INA bacteria for that particular crop but doesn’t give an

accurate estimate of populations on a particular leaf likely to

suffer frost injury (Hirano et al., 1982). Although time

l consuming, individual leaf sampling may be useful in determining a
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critical population threshold required for disease incidence. In

1
a plant canopy, no two 1eaves· receive the same environmental

conditions. Each leaf, in a sense, exists in its own particular

ecosystem. Hirano et al.(1982) found that total epiphytic

bacterial populations varied little from leaf to leaf with few

Iexceptions. The greatest variation observed was for specific ·

populations of INA bacteria, which varied approximately 500—fold

from leaf to leaf. To correct for this highly variable nature of

epiphytic INA bacterial populations, Hirano et al. (1982) suggests

that the probability distributions of such epiphytic populations

on a set of leaves is better described by the lognormal than

normal.

In the United States, the most common INA bacteria found on

plants are certain strains of Q. s. pv. syringae (Lindow, et al.,

1978a; Lindow, 1982a). Pseudomonas syringae pv. svringae has been

reported in large numbers as an epiphyte on soybean plants (Mew

and Kennedy, 1971; Leben and Miller, 1973; Lindow et al., 1978a;

Hirano et al., 1982). Pseudomonas svringae pv. syringae may be

distributed effectively by aerosols for short and medium distances

and perhaps long distances through the atmosphere in cloud

droplets (Lindow, 1982a). Pseudomonas glvcinea, in aerosols, has

been captured at the edge of infected plots during rainstorms or

sprinkler irrigation (Vennette and Kennedy, 1975}. Erwinia

amvlovora aerosolized inoculum has been found on pome fruit trees
1

(Southern and Harper, 1971). These bacteria can also be spread by

_ rainstorms and wind (Ercolani et al., 1974).

Low temperature is the single most limiting factor to the
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distribution of plants and a major cause of crop loss is freezing

injury. Plants have three adaptive mechanisms to avoid freezing

injury when cooled below 0 C. These include: antifreeze,

dehydration or supercooling (Levitt, 1980). The accumulation of

solutes (antifreeze) in a plant cell slightly depresses the

freezing point. Cells which have no freezable water (e.g., some

buds which dry out during fall hardening) are able to avoid

freezing injury. Nearly all plants possess the ability to

supercool several degrees regardless of their frost hardiness

(Burke, et al., 1976). In plants, water can remain supercooled

provided there are no external ice nucleators present (e.g., dust,

INA bacteria). To describe the damage caused by ice formation, the

"rupture theory" (expansion of plant cells due to expansion of

water upon freezing) was accepted as the mechanism for freezing

injury from the late 17th to the early 20th century. Then,

microscopic examinations showed that plant cells actually contract

during freezing and ice normally occurs outside of the cell

(extracellularly) in the intercellular spaces or on the surface of

the tissues (Levitt, 1980). Cells contract in response to the loss

of water to the ice masses forming in the intercellular spaces.

Intracellular ice formation, believed to occur in nature, has only

been observed under laboratory conditions. Under controlled

conditions, intracellular ice formation occurred by freezing more

rapidly than normally occurs in nature (e.g., by supercooling well

below the freezing point of the tissue). Extracellular freezing,

on the other hand, occurs naturally on plants (forming ice on the

cell walls) tolerant to freezing. The basis for the difference
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between hardy and tender plants, with respect to surviving

freezing, is that hardy plants survive when more of their water is

frozen than tender plants (Burke et al., 1976). The removal of

water from cells, in response to extracellular ice, makes frost

hardiness a form of drought tolerance.

Erwinia herbicola and Q. s. pv. syringae may protect some

plant surfaces from infection by other pathogens. Erwinia

herbicola has been shown to suppress infection by Xanthomonas

oryzae on rice and interfered with Ä. oryzae growth in vitro and

in vivo perhaps by limiting nutrients and shifting the pH to

unfavorable levels for the growth of Ä. oryzae (Hsieh and

Buddenhagen, 1974). Erwinia herbicola is also a very good

saprophyte, being chemotactically attracted to a variety of

compounds (i.e. amino acids, sugars, and organic acids) in

contrast to Q. amylovora (attracted primarily to a specific class

of organic acids) (Klopmeyer and Ries, 1984). Riggle and Klos

(1972) obtained partial control of fire blight in the greenhouse

and field plots by inoculation of pear blossoms with E. herbicola

24 hours before inoculation with a virulent suspension of Q.

amvlovora. The inhibitory effect was believed to be due to E.

herbicola consuming all organic nitrogen and reducing the pH to

levels inhibitory to E. amvlovora (Riggle and Klos, 1972). Beer et

al. (1980) have achieved significant reductions in the incidence

of apple blossoms infected with E. amylovora when blossoms were

inoculated with Q. herbicola one day before and three days after

inoculation with E. amvlovora. Beer et al. (1980) suggested that

Q. herbicola be developed as an effective control for fire blight.
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Thomson, et al. (1976) also observed a significant reduction in

fire blight incidence in a Bartlett pear orchard sprayed eight

times during bloom with three saprophytic Pseudomonas spp. and an

Erwinia sp.

Erwinia herbicola and Q. s. pv. syringae have also been shown

to be plant pathogens. Ice nucleation active strains of E. s. pv.

syringae were determined to be the causal agent of blister bark

and blight of fruit spurs of apple and a disease in immature pear

and sweet cherry fruit (Mansvelt and Hattingh, 1986; Gross et al.,

1984). Pseudomonas syringae is also responsible for causing

blossom blight of pear, particularly after the blossoms have been

injured by frost, and thus predisposed to colonization.

Panagopoulus and Crosse (1964) have determined that frost injury

was a major predisposing factor in the occurrence of blossom

blight. Erwinia herbicola has been shown to be the causal agent

responsible for stalk and leaf necrosis of onions and galls on

Gvpsophila panigulatg (Hattingh and Walthers, 1981; Cooksey,

1986). Erwinia herbicola has also been observed as a secondary

invader of fireblight infections (Riggle and Klos, 1972}. .

Lindow (1982a) places frost injury among the most important

abiotic diseases of vegetation. Frost injury losses, occurring as

a result of the presence of INA bacteria, has been estimated at

one billion dollars annually in the United States {Lindow,

personal communication to G.H. Lacy). These bacteria are unique

pathogens in that they cause plant damage as epiphytes gCook and

Baker, 1983). Frost injury increases directly with increasing

populations of INA bacteria residing on that particular plant
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(Lindow et al., 1978a; Lindow et al., 1978c). The degree of

injury, caused by a population of an INA E. herbicola strain on

corn leaves at -4C, was directly proportional to the logarithm of

the population (Lindow et al., 1978b). Not only is frost hazard to

a plant canopy dependent upon the population size of the INA

bacteria, but also by the nucleation frequency (i.e., ratio of ice

nuclei to total bacterial cells) of these bacteria (Lindow et al.,

1982c). In vitro, the nucleation frequency (NF) of INA bacteria is

dependent upon genotype, cultural conditions (e.g. medium

composition, temperature during growth), as well as the

temperatures used for determining the NF (Lindow et al., 1978b;

Paulin and Luisetti, 1978). Hirano et al. (1985) examined the

relationship between the population size and NF of INA bacteria

(predominantly Q. syringag) and the temperature at which

nucleation occurred on individual snap bean leaflets under field

conditions. They observed that the number of leaflets frozen fat

-2.2C) was significantly correlated, inversely, with the mean air

temperature during the 2 hours preceding leaf sampling fr:O.932;

p<0.00l). Since the population size of INA bacteria remained the

same, the increase in nucleation activity was nttributed to the

INA bacterial NF. When sampling at 24 hour intervals, the NF

remained constant but the population size of Q. svringae was

significantly correlated with the frequency of leaflets frozen Tat

-2.2C, r=O.909; p<0.00l). Haefele and Lindow t(l984) found that

physical (e.g. abrasion], chemical (e.g. EPTAM , and genetic

differences in leaf surface characteristics of corn tended to

increase mean populations of Q. s. pv. svringae per leaf and lower



14

NF. -

Many species of bacteria are found in rain, hail, and snow

(Gregory, 1973). Among these species of bacteria are the INA

bacteria (Maki and Willoughby, 1978; Lindow, 1982a). The INA of

these bacteria may assist, with other biogenic substances, in the

formation and evolution of clouds (Vali, 1979). Clouds may serve
I

as a reservoir for bacteria, particularly INA bacteria, which may

benefit from the dispersal mechanism provided by the clouds. Ice

nuclei, in clouds, can serve as a core for the adherence of water

until the growing droplet reaches a sufficient size and falls as

precipitation. Ice nuc1eation—active bacteria have been suggested

as ice-nuclei in clouds because precipitation has been observed at

temperatures from -2 to -3C which is significantly warmer than the

INA of other potential ice nuclei found in clouds (Lindow, 1982a).

Atmospheric pollutants can be accumulated and transported in

clouds before being incorporated into precipitation. A

considerable amount of nitric and sulfuric acid is generated in

these polluted clouds (Lazarus, 1983). The increasing

concentrations of acids may have an affect on the INA of bacteria

residing in these clouds.

Ice nuclei in the atmosphere Contribute significantly in the

formation of natural precipitation that occurs over the middle and

northern latitudes throughout the year {Vali, 1979; Lindow,

1982a). Ice nuc1eation—active bacteria may affect rainfall

distribution thereby determining global climatology fLighthart,

1979; Lindow, 1982a}. If INA bacteria constitute a major factor in

determining precipitation, then the effect acidic precipitation
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may have on INA bacterial populations is important to understand.

_ The purpose of this study was to investigate the population

dynamics and ice nucleation activity of two commonly occurring

epiphytic INA bacterial species, Q. s. pv. syringag and E.

herbicola, on soybean leaves exposed to simulated acid mist. Due

to the ubiquitous presence of these two INA bacteria on apparently

healthy plants, it is desirable to know the effect acidic

precipitation may have on the ice nucleation activity and ability

to colonize the phylloplane.
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Materials and Methods

Growth and Maintenance of Plant Material. ‘Essex’ soybean

plants, a cultivar widely grown in Virginia, were grown in 10 cm

diameter plastic pots containing PRO—MIX BX potting medium

_ (Wetsel Seed Co., Harrisonburg, VA) under natural light

supplemented with 20,000 lux provided by fluorescent lamps to

extend photoperiod to 16 h. The seedlings were maintained in a

greenhouse at 20 to 25C and approximately 50% R.H.. The plants

were transferred to mist chambers after approximately 13 to 15

days after emergence when the first trifoliate leaf was l/3 to

1/2 expanded. Details on growth and maintenance of plants are

provided in Appendix A.

Mist Chambers and Misting Solutions. Two mist chambers, each

accommodating 30 pots ’60 plants) per treatment, were used for

this investigation. Lighting was provided by four fluorescent

bulbs (Westinghouse Slimline cool white) for 10 h daily. The

temperature in the mist chambers was maintained at 25 C and

approximately 90% R.H.. A 50L plastic Nalgene tank, containing

the artificia] rain solution, was pressurized with compressed

breathing air (20 lbs in?) and transferred through a brass nozzle

to generate a fine mist. Additional details on the mist chamber

design are provided in Appendix B. An artificial rain solution

was prepared to simulate anion and cation concentration present

in rain collected at the Horton Research Center {Chevone et al.,

1984). Three pH regimes were selected: 3.0, 4.0 and 5.6. The
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artificial rain solution adjusted to 5.6, which is an

approximation of the pH of "normal rain" based upon solubility of

atmospheric carbon dioxide in water and the subsequent formation

of carbonic acid, served as the control treatment (Lepp and

Fairfax, 1976). The artificial rain solution adjusted to pH 4.0

reflected the average pH of rain (4.2) recorded over much of the

eastern United States (USEPA, 1984), while the artificial rain

solution adjusted to pH 3.0 reflected the lowest acidity of

individual storms recorded in natural precipitation in eastern

North America (Shriner, 1978). The pH of the artificial rain

solution was adjusted with HgSO4 (1M)/HNO3 (0.5M) or NaOH {1M)

prior to misting. lonic concentration in rain simulant were

determined before and after passing through the brass mist

nozzles. A detectable amount of zinc (0.092 mg L} had leached

from the brass nozzles during a 30 min misting episode using an

artificial rain solution adjusted to pH 2.94. The growth of P. s.

pv. svringae and Q. herbicola were not inhibited by this

concentration of _ zinc (Appendix C). immediately following

inoculation of the INA bacteria onto the soybean leaflets these

plants received periodic misting episodes {2 min episodeQ every

12 h for 72 h {6 misting episodesÖ.

Bacteria. The epiphytic bacteria utilized were Q. g. pv.

syringae and Q. herbicola. Pseudomonas syringae pv. svringae Cit

7 and E. herbicola 26SR6—2 were obtained from S. Lindow ·

(Department of Plant Pathology, University of California,

Berkeley, Ca. 94720). Pseudomonas svringae pv. svringae Cit 7 was
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isolated from citrus in California and P. herbicola 26SR6—2

strain was isolated from a corn leaf in Wisconsin (Lindow,

personal communication; Lindow et al., 1978b). Pseudomonas

syringae pv. svringae and P. herbicola were chosen due to their

ubiquitous presence as common epiphytes in nature and their

ability to serve as ice nucleators (Appendix G) (Lindow et a1.,

1978a; Lindow, 1982a). Erwinia carotovora was obtained from G.

Lacy (Department of Plant Pathology, Physiology and Weed Science,

VPI & SU, Blacksburg VA). Pseudomonas syringae pv. glvcinea was

obtained from M. Sasser (Plant Science Department, University of

Delaware, Newark) and was originally isolated from soybean leaves

cv. 'Ware’ in Delaware. These bacteria were maintained on

nutrient agar (Fisher, Silver Spring, MD 20910) containing 2.5%

(vol/vol} glycerol (NAG).

Selective Media. Selective media were made by incorporating

antibiotics in NAG. Pseudomonas syringae pv. syringae Cit 7 is

resistant to at least 100 micrograms/ml Hifampicin {Sigma

Chemical Company, St. Louis, MO. 63178) (NAGR) and P. herbicola

26SR6—2 is resistant to approximately 100 micrograms ml

Streptomycin sulfate QSigma Chemical Company, St. Louis, MO.

63178) (NAGS) {Lindow, personal communication to G. H. Lacy . The

recovery of each bacterial species on appropriate media is given

in Appendix F.

Inoculation Procedure. Cultures of P. s. pv. svringae and P.

herbicola were incubated at 25 C since this temperature wasn

acceptable for both bacterial species (Lacy, personal
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communication). Cultures of the bacteria used in this

investigation were grown on NAG media for 48 h before being

removed with sterile distilled water and adjusted

colorimetrically to 107 cells/ml (OD = 0.25 at 530 nm} (Shriner,

1978). When E. s. pv. syringae or E. herbicola was inoculated

separately, a culture was placed in solution, diluted to 103 to
lO“ cells/ml and transferred to a hand—held spray bottle for

inoculation. However, when Q. s. pv. svringae and E. herbicola
were inoculated together, each species was colorimetrically

adjusted to 103 to 10“ cells/ml and then combined prior to being

transferred to the spray bottle for inoculation. When inoculated

together, the estimated number of the separate bacteria] species

was 103 to 10“ cells/ml and estimated total number of bacterial

cells was 106 to 106 cells/ml. Each trifoliate leaf was sprayed 3

to 4 times from approximately 10 cm until runoff occurred.

Inoculation began when the soybean plant was between two and

three weeks old and the average surface area of the soybean

leaflet was 10 to 13 cm?. After inoculation, the plants were

randomly placed into the mist chambers.

Two mist chambers were used in this investigation. In order

to run the prescribed trials, several inoculations and respective

mistings were conducted for each trial. When soybean plants were

inoculated with either Q. s. pv. svringae or E. herbicola three

separate inoculations were necessary for each bacteria] species:

plants inoculated with E. s. pv. svringae were placed into mist

chamber #1 while plants inoculated with E. herbicola were placed
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into mist chamber #2 and both were exposed to pH 3.0 mist. This

procedure was repeated two more times with pH 4.0 and 5.6 mist.

The initial population, immediately following inoculation was

recorded, for each of the three separate inoculations. When Q. g.

pv. syringae and Q. herbicola were combined prior to inoculation

only two separate inoculations and mistings were required. The

first series of plants received pH 3.0 and 5.6 mist and the

second series of plants received pH 4.0 and 5.6 mist. The soybean

plants used for determining the ice nucleation activity of the

INA bacteria were inoculated and exposed to mist in the same

manner_as described previously for separate inoculations but 30

leaf discs were obtained at 24 h intervals (0, 24, 48 and 72 hf.

All experiments were repeated at least once and similar results

were obtained for population dynamics and ice nucleation

activity.

Measuring Bacterial Populations. Immediately following

inoculations bacterial populations on soybean leaflets were

monitored using a bulked sample of leaves. Ten leaflets were

picked at random from ten different plants in a mist chamber and

combined into one bulked sample. Four bulked samples Qfour

replicatesÜ were taken every 24 h for a particular treatment,

which generated four sampling periods per mist chamber. The

recorded populations obtained from these samples provided

information on the effect acid mist may have on the population

dynamics of E. s. pv. syringae and Q. herbicola. The population

recorded following inoculation (0 h sample} provides a baseline
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in which to compare the populations of bacteria following

exposure to the misting episodes. The ten leaflets were weighed

and then placed into a 50 ml centrifuge tube containing 35 ml of

sterile deionized water with 0.002% (w/v) tween 80

(Polyoxyethylenei sorbitan monooleate, Sigma lChemical Co., St.

Louis, Mo. 63178). The centrifuge tubes were shaken 100 times, by

hand, in a one foot arc. The ten leaflets were then removed from

the centrifuge tubes and the leaf washing was centrifuged until a

pellet was formed (30,000 x g for 30 minutes}. After pouring off

the supernatant, the pellet was resuspended in 1 ml sterile

distilled water, diluted 10—fold with sterile deionized water

and plated on NAC, NACS or NAGR (Lindow et al., 1978b; Schaad,

1980). Colony forming units were counted which represented an

individua1/group/ or chain of viable cells or units of bacterial

cells (Leben, et al., 1968). The number of CPU from the four

replicates were transformed into base ten logarithms and the mean

and standard deviation were calculated from the log CPU/g fresh

weight. The mean population obtained was then plotted as the log

bacteria CPU/g fresh weight vs. time (hours) after inoculation

(Lindow et al., 1978a; Lindow et al., 1978b; Surico, et al.,

1980). The mean log bacteria recovered was plotted with respect

to the fresh weight ggrams) of the bulked sample rather than the

surface area {cm2Y of the soybean leaflets. A high correlation

(r2=0.727) between the two measurements existed, however, a

greater effort is required to determine leaf surface area
compared to leaf fresh weighte {Appendix E}. The standard
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deviations for each point were also plotted. After being _

incubated for 48 -72 h at room temperature (25C), plates which

had between 30 and 300 colonies were counted. This method of

estimating INA bacterial populations, counting CPU, onlyaccountsfor

viable cells.
u

Determining Ice Nucleation Activity Spectra of Soybean Leaf

Material. The technique used for determining the ice nucleation

activity of the bacteria on the soybean leaf surface was

according to Lindow et al. (1982b). Leaf discs were cut from the

soybean leaflets with a No. l cork borer (measuring approximately

3 m in diameter). In order to obtain an overall sampling of the

entire leaf surface area, leaf discs were randomly obtained from

different areas of the soybean (e.g. veins, leaf base, margins,

etc,). These individual discs (30 from each mist

chamher sampling period) were either submerged or floated on 30

ul droplets of sterile water. The droplets were placed onto an

aluminum cold plate (Stir Kool Model SK 12, Thermoelectrics

Unlimited Inc., Wilmington, DE. 19809) which was coated with 1%

(wt vol) parafilm in xylene. A plastic petri dish was placed over

the cold plate for insulation and to keep moisture, present in

the laboratory air, from condensing on the cold plate. The

temperature of the cold plate was monitored by a thermocouple

(Type E thermocouple thermometer, Cole Farmer Instrument Co.,

Chicago, IL. 60648) embedded into the surface of the cold plate

. and insulated with aluminum sealant fDevcon Corporation, Danvers

MA, 01923). When a water droplet froze (supporting a leaf disc)
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the number of leaf discs frozen, temperature, and time were

recorded. The ice nucleation activity of the soybean 1eaf discs

were plotted as the cumulative fraction (0 — 1.0) of discs which

froze as a function of decreasing temperature (Lindow et a1.,

1982b).
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RESULTS

Symptom Development on Foliage. No damage was observed on any

of the adaxial soybean leaf surfaces used in this investigation

after 72h of mist. After 5 days of misting (2 misting

episodes/day) only those plants exposed to the misting of

artificial rain adjusted to pH 3 displayed a small number of

discrete chlorotic, and subsequently necrotic lesions on

approximately 5% of the leaf surface.

Recovery of Bacteria Following Inoculation. The initial

populations of E. s. pv. syringae and Q. herbicola recovered

immediately following inoculation (0 h sample) varied. When

inoculated separately, consistently higher populations of E.

herbicola were recovered immediately following inoculation (Oh

sample), compared to E. s. pv. svringae (Table 1; Figure 1). The

mean initial population from the three separate inoculations for

each bacterial species was 2.84 and 2.48 log CFU/g fresh weight

for E. herbicola and Q. s. pv. syringae, respectively, prior to

receiving pH 3.0, 4.0 or 5.6 mist. The variance in mean

population Ifrom the three repeated inoculations} was less for

E. s. pv. svringae I; 0.15) than for E. herbicola I; 0.42Ü. When

these bacterial species were inoculated together, the initial

population recovered (Oh sample) for E. herbicola was again

higher than Q. s. pv. svringae fTab1e 2; Figure 2Ö. The mean

population and variance of E. herbicola and Q. s. pv. svringae

(from two inoculations) was 3.19 {; 0.01) and 2.69 {; 0.17) log

CPU/g fresh weight, respectively, from the two separate
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TABLE 1. Mean of log INA P. s. pv. svringae and E. herbicola
populations (inoculated separately) on soybean leaflets and
exposed to misting of simulated rain solution adjusted to pH
3.0, 4.0 or 5.6“

Mean Log (CFU/g fresh weight)
Treatment Time (h)

pH 0 24° 48 72

P. syringae 3.0 2.31 2.30 2.47 2.41
(j0.l1)C (j0.08) (j0.20) (j0.l6)

E. herbicola 3.0 2.48 3.94 5.54 6.02
(j0.08) (j0.03) (jO.10) (j0.05)

P. syringae 4.0 2.58 2.61 2.88 3.81
(j0.l1) (j0.10) (j0.07) (j0.07)

E. herbicola 4.0 2.73 4.99 6.30 6.65
(j0.07) (j0.06) (j0.02) (jO•07)

P. syringae 5.6 2.56 4.32 4.30 4.72
(j0.09) (j0.05) (j0.09) (j0.l0)

E. herbicola 5.6 3.31 4.81 5.99 6.24
(j0.l0) (j0.06) (j0.05) (:0.08}

a Mean of log population of each species was determined
separately by recovering cfu on selective media from
dilution plating of 10 leaflet washings from four bulked
samples at each sampling period.

° 24, 48 and 72 h samples received 2, 4 and 6 misting
episodes, respectively.

C Value for one standard deviation from the four bulked
samples.
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Figure 1A. Multiplication of Q. Q. pv. sygingae or
Q. herbicola, inoculated separately, on soybean plants.
The plants were incubated in a mist chamber at 25 C
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TABLE 2. Mean of log INA P. s. pv. syringae and E. herbicola
populations (inoculated together) on soybean leaflets and
exposed to misting of simulated rain solution adjusted to
pH 3.0, 4.0 and 5.6a

Mean Log (CPU/g fresh weight)
Treatment Time (h)

pH 0 24° 48 72

P. syringae 3.0 2.81 2.62 2.75 1.38C
(;O.10)° (;O.l4) (j0.30) (j0.50)

E. herbicola 3.0 3.18 3.67 5.70 6.16
(;0.l2) (j0.14) (j0.l0) (j0.l8)

P. syringae 5.6 2.81 2.70 3.53 4.00
(j0.10) (j0.09) (j0.13) (j0.13)

E. herbicola 5.6 3.18 4.28 5.56 5.86
(j0.l2) (;O.20) (;0.10) (;0.04)

P. syringae 4.0 2.56 2.36 3.30 3.26
(;0.13) (j0.08) (;0.23) (;0.12)

E. herbicola 4.0 3.20 4.98 6.40 6.76
(j0.23) (j0.06) (j0.09) (;0.09)

P. syringae 5.6 2.56 2.98 3.98 4.64
(j0.l3) (j0.07) (j0.07) (;0.09)

E. herbicola 5.6 3.20 4.88 6.15 6.33
(;0.23) (;O.10) (jü.03) (;0.08)

9 Mean of log population of each species was determined
separately by recovering cfu on selective media from
dilution plating of 10 leaflet washings from four bulked
samples at each sampling period.

C 24, 48 and 72 h samples received 2, 4 and 6 misting
episodes, respectively.

C One of the four samples was below detection.
C Value for one standard deviation from the four bulked
samples/sampling period.
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Figure 2A. Bacterial population growth curves of Q. s.
pv. syringae and §. herbicola, inoculated together, on
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inoculations (mean was calculated from the 0 h sample of the two

separate inoculations for those inoculated plants prior to

exposure to pH 3.0 and 5.6, or pH 4.0 and 5.6).

Growth Response of Bacteria to Mist. Figure l and Table l

show the growth response of Q. s. pv. syringae and Q. herbicola

when inoculated separately onto soybean leaflets. The difference

in the populations recovered from the 72 and 0h sample is the net '

total of the growth of the bacteria relative to the initial

population. In response to pH 3.0, 4.0 and 5.6, Q. s. pv.

svringae net growth was 0.09, 1.22 and 2.15 log CFU/g fresh

weight, respectively. The populations increased in a linear

manner approximately one log (l0—fold) with decreasing acidity

from pH 3.0 to 5.6. The optimal growth for Q. s. pv. svringae

_ occurred during misting with simulated rain adjusted to pH 5.6

(Figure 3). Unlike the linear recovery of E. g. pv. syringae, in

response to the three misting regimes, E. herbicola growth rate

increased in response to the more acidic mistings (Figure 3}.

There was a l0—fold decrease for Q. herbicola population in

response to pH 5.6 mist compared to pH 4.0 mist. At pH 3.0, 4.0

and 5.6, F. herbicola populations were 3.53, 3.92 and 2.92 log

CFU/g fresh weight, respectively. The optimal growth for F.

_ herbicola occurred after misting with simulated rain adjusted to

pH 4.0 (Table 1).

Similar growth responses were obtained when Q. s. pv.

svringae and Q. herbicola were inoculated either together or

separately onto soybean leaflets [Figure 2, Table 2}. ln combined
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Figure BA. Multiplication of Q. g. pv. svringae
inoculated on soybean plants. 'The plants were
incubated in a mist chamber at 25 C and received
two daily mist episodes (90 seconds/episode) of
simulated rain solution pH B.0, 7+.0 and 5.6. Fach
point is the mean population recovered from four
bulked samples (10 leaflets/bulked sample) at
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inoculations, P. s. pv. syringae growth rate decreased while Q.

herbicola growth rate increased with increasing acidity of the

mist. Erwinia herbicola and P. s. pv. syringae achieved optimal

growth after misting with simulated rain adjusted to pH 4.0 and

5.6, respectively. For P. g. pv. syringae, exposure to pH 4.0

mist resulted in little positive net growth when inoculated ~
together with Q. herbicola, and negative net growth in response

to pH 3.0 mist {Figure 2). The difference in the populations

recovered from the 72 and 0 h samples for P. s. pv. syringae in

response to misted with pH 3.0 and 5.6 solutions was -1.43 and

1.19, respectively. Population differences in response to misting
of pH 4.0 and 5.6 were 0.69 and 2.08, respectively. Averaging the

net growth of P. s. pv. sgringae populations exposed to pH 5.6

mist (1.19 - 2.08/2 = 1.63) and summarizing the net growth for

the other treatments, the population response to pH 3.0, 4.0 and

5.6 was -1.43, 0.69 and 1.63 log CPU/g fresh weight, respectively

(Table 3). There was approximately a 20-fold decrease in

populntion of P. s. pv. svringag exposed to pH 3.0 compared to pH

4.0 mist. As when inoculated separately, there was about a

l0—fold decrease in the population of Q. s. pv. svringag in

response to pH 4.0 compared to pH 5.6 mist. Averaging the
controls for Q. herbicola (2.677 e 3.125 2 = 2.901} and

summarizing the net growth, the response to pH 3.0, 4.0 and 5.6

for E. herbicola was 2.97, 3.56 and 2.97 log CFUjg fresh weight,

respectively (Table 3}. Again, Q. herbicola achieved optimal

growth in response to pH 4.0 mist compared to the pH 3.0 or 5.6
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TABLE 3. The total net growth (= 0 h — 72 h sample) for P.
s. pv. syringae and E. herbicola after exposure to 6
episodes of misting (2 min/episode) and 72 h incubation at
25 C

INA
I

Mist Inoculated
Bacteria pH Separately Together

P. s. pv. syringae 3.0 0.093 -1.43

P. s. pv. syringae 4.0 1.22 0.69

P. s. pv. syringae 5.6 2.15 1.633

E. herbicola 3.0 3.53 2.97

E. herbicola 4.0 3.92 3.56

E. herbicola 5.6 2.92 2.97<

3 Mean log population (log CFU/g fresh weight) of each
species was determined separately by recovering cfu on
selective media from dilution plating of 10 leaflet washings
from four bulked samples at each sampling period.

3 Average of two populations recovered from separate
experiments.
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misting. The net growth for Q. herbicola, when inoculated in

combination with Q. s. pv. syringae was the same when exposed to

pH 3.0 or 5.6 resulting from a 0.5 log decrease in the Q.

herbicola population compared to being inoculated alone and
V

exposed to pH 3.0 mist (Figure 4). These results were similar

when tabulated with out respect to increased fresh weight of the

soybean leaflets (Table 4).

Freezing Spectra of Leaf Discs. An important indicator of

bacterial ice nucleation activity is the nucleation frequency

(NF). The NF was determined for the bacterial species in this

investigation by transferring 10 ul droplets from dilute

suspensions of Q. s. pv. syringae pv. syringae and E. herbicola

on a cold plate set at -5 C (Appendix D). The NF for E. s. pv.

syringag and E. herbicola, when cell suspensions of each were

adjusted to l0“ cells/ml, was 2.75 x 10‘* ice nuclei/cell (27.5%Ö

of the Q. s. pv. svringae and E. herbicola cells were active at

-5 C (Table 5}. However, when cell suspensions of E. s. pv.

svringae and E. hgrbicglg were adjusted to 103 cells/ml only Q.

s. pv. svringae displayed ice nucleation activity with 5.0 x
l0°2 ice nuclei/cell (0.05%) (Table 5]. The cumulative fraction

of leaf discs which froze was plotted as a function of decreasing

temperature in Figure 5. To record a spectrum of ice nucleation

activity of Q. s. pv. svringae or F. herbicola residing on the ’

leaf discs, the temperatures at which 25, 50, 75 or 100% of the

leaf discs froze was calculated (Table 6). Soybean leaf discs

inoculated with Q. s. pv. svringae or Q. herbicola and exposed to
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Figure UA. Net growth of bacteria in response to mist
when inoculated sepa.rately.
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Table 4. The total net growth (=O - 72h sample) for P. s.
pv. sgringae and E. herbicola, without respect to surface
area or fresh weight of soybean leaflets, after exposure to
6 episodes of misting (2 min/episode) and 72h incubation at
25 C

. LOG CFU
Bacteria pH Separate Together

P. s. pv. syringae 3.0 0.30 -0.76
P. s. pv. syringae 4.0 1.41 0.95
P. s. pv. syringae 5.6 2.42 2.00

E. herbicola 3.0 3.71 3.46
E. herbicola 4.0 4.13 3.77
E. herbicola 5.6 3.20 3.24
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Table 5. Nucleation frequency of INA strains of P. s. pv.
syringae and Q. herbicola, a pathogenic strain of P. s. pv.
glycinea and a non—INA strain of Q. carotovora with
populations adjusted to 105, 10‘ and 105 cells/ml

NUCLEATION FREQUENCY5

Bacteria
I

105 cells/ml 10° cells/ml 105 cells/ml

P. s. pv. syringae 1.00 x 10* 2.75 x l0'1 5.00 x 10‘2

E. herbicola 1.00 x 10* 2.25 x 10‘* 0.00

P. s. pv. glycinea 1.25 x l0" 0.00 0.00

E. carotovera 0.00 0.00 0.00

Sterile Distilled 0.00 0.00 0.00
Water

5 Nucleation Frequency is the fraction of cells active as
ice nuclei at -5 C.
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TABLE 6. Freezing spectra of soybean leaf discs inoculated with
P. s. pv. syringae or E. herbicola

Temperature (—C )

INA Treatment Percent Leaf Discs Frozen
Bacteria (pH) 25 50 75 100

0 Hour
P. syringae 3.0 6.5 7.0 8.1 8.5
E. herbicola 3.0 6.6 7.4 8.3 10.0

P. syringae 4.0 5.5 6.3 6.5 7.8
E. herbicola 4.0 6.5 7.6 8.0 9.2

P. syringae 5.6 5.8 6.2 7.0 7.5
E. herbicola 5.6 6.0 6.5 7.0 7.4

24 Hours
P. syringae 3.0 8.5 8.9 9.8 10.4
E. herbicola 3.0 8.6 8.9 9.3 10.1

P. syringae 4.0 6.4 7.0 8.1 9.0
E. herbicola 4.0 6.9 8.0 8.6 9.5

P. syringae 5.6 8.6 9.0 9.7 10.2
E. herbicola 5.6 8.0 8.4 8.8 9.0

48 Hours
P. syringae 3.0 8.0 8.4 9.1 9.5
E. herbicola 3.0 8.5 8.8 9.6 10.9

P. syringae 4.0 7.2 8.0 8.7 9.2
E. herbicola 4.0 7.3 8.3 9.0 9.6

P. syringae 5.6 8.8 9.9 10.5 11.0
E. herbicola 5.6 8.6 8.9 9.7 10.0
72 Hours
P. syringae 3.0 7.8 8.5 9.3 10.2
E. herbicola 3.0 8.2 8.7 9.7 10.5

P. syringae 4.0 6.8 7.4 8.3 9.2
E. herbicola 4.0 7.0 7.9 8.6 9.9

P. syringae 5.6 9.0 9.7 10.5 11.8
E. herbicola 5.6 8.0 9.0 9.7 10.5
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a misting regime of artificial rain solution adjusted to pH 4.0

had a higher percentage of discs freeze (25, 50, 75 and 100%) at

lower temperatures compared to leaf discs exposed to mist

adjusted to pH 3.0 or 5.6. Similarly, leaf discs inoculated with

Q. s. pv. syringae and exposed to a mist adjusted to pH 3.0 had a

higher percentage of discs freeze at lower temperatures than leaf

discs exposed to mist adjusted to pH 5.6. Leaf discs inoculated

with E. herbicola were similar in ice nucleation activity when

exposed to mist adjusted to pH 3.0 or 5.6. The temperature at

which 50% of the leaf discs froze was used as a comparison of ice

nucleation activity between E. s. pv. svringae and Q. herbicola,

and their response to the misting regimes (Table 7). The optimal

ice nucleation activity occurred on leaf discs inoculated with

E. s. pv. svringae or E. herbicola and exposed to mist adjusted

to pH 4.0 (after 72 h at 25 C) with recorded temperatures of 7.4

and 7.9, respectively. Leaf discs inoculated with E. s. pv.

syringae or E. herbicola and subjected to similar misting

treatments never differed by more than a 1.5 C between the

temperatures at which 25, 50, 75 and 100% of the leaf discs froze

within the same sample.

One common feature to all the freezing spectra observed in

Figure 5 was the greater activity of the leaf discs from the 0 h

sample relative to the 24, 48 and 72 h sample. Those leaf discs

obtained from the 0 h sample (not exposed to mist) were

consistently the most active ice nuclei, and caused leaf discs

inoculated with Q. s. pv. svringae to begin freezing at 4.7 C.
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Table 7. Freezing spectra of soybean leaf discs at which 50%
(15/30) of the leaf discs froze.

Temperature (— C)

INA Mist Time (h) Mean
Bacteria pH 0 24a 48 72 Temp

P. s. pv. syringae 3.0 7.0 8.9 8.4 8.5 8.6 (0.26)P

P. s. pv. syringae 4.0 6.3 7.0 8.0 7.4 7.5 (0.50)

P. s. pv. syringae 5.6 6.2 9.0 9.9 9.7 9.5 (0.473

E. herbicola 3.0 7.4 8.9
T

8.8 8.7 8.8 (0.10)

E. herbicola 4.0 7.6 8.0 8.3 7.9 8.0 (0.20)

E. herbicola 5.6 6.5 8.4 8.9 9.0 8.7 (0.32)

P 24, 48 and 72 h samples received 2, 4 and 6 misting
episodes, respectively.

P one standard deviation of mean temperature.
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Figure 5A. Ice nucleation activity of soybean leaf discs
from plante with leaf surface populations of Q. s. pv.
svringae. Spybean plante were inoculated with suspensions
of 3.0 x 10 celle ml of Q. s. pv. svringae. Leaf discs
were taken at 2#h intervals (0, 2#, #8 and 72h). Plants
were incubated at 25 C in a mist chamber and received two
daily mist episodes (90 seconds/episode) of simulated
rain solution adjusted to pH 3.0. The cumulative fraction
of soybean leaf discs which froze was plotted as a
function of decreasing temperature. Thirty leaf discs
were used for each sampling period.
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Figure 5B. Ice nucleation activity of soybean leaf discs
from plants with leaf surface populations of §. herbicola.
Soybean plants were inoculated with suspensions of 2.1
x 107 cells/ml of §. herbicola. Leaf discs were taken
at 24h intervals (0, 24, 48 and 72h). Plants were
incubated at 25 C in a mist cha:;'oer and received two
daily zrist episodes (90 seconds/episode) of simulated
rain solution adjusted to pH 3.0. 'The cumulative
fraction of soybean leaf discs which froze was plotted
as a function of decreasing temperature. Thirty leaf
discs were used for each sampling period.
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Figure 5C. Ice nucleation activity of soybean leaf discs
from plants with leaf surface populations of P. s. pv.
svriggae, Soybean plants were inoculated with suspensions
of 3.0 x 107 cells/ml of P. s. pv. svringae. Leaf discs
were taken at ZUh intervals (0, ZU, UB and 72h). Plants
were incubated at Z5 C in a mist chamber and received two
daily mist episodes (90 seconds/episode) of simulated
rain solution adjusted to pH U.0. The cumulative fraction
of soybean leaf discs which froze was plotted as a
function of decreasing temperature. Thirty leaf discs
were used for each sampling period.
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Figure SD. Ice nucleation activity of soybean leaf discs
from plants with leaf surface populations of §. herbicola.
Soybean plants were inoculated with suspensions of 2.1
x 107 cells/ml of §. herbicola. Leaf discs were taken
at 2i+h intervals (0, 2ü, #8 and 72h). Plants were
incubated at 25 C in a mist chamber and received two
daily mist episodes (90 seconds/episode) of simulated
rain solution adjusted to pH 4+.0. 'Ihe cumulative
fraction of soybean leaf discs which froze was plotted
as a function of decreasing temperature. 'lhirty leaf
discs were used for each sampling period.
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Figure 5E. Ice nucleation activity of soybean leaf discs
from plants with leaf surface populations of Q. ä. pv.
syringae. Spybean plants were inoculated with suspensions
of 3.0 x 10 cells/ml of Q. s. pv. svringae. Leaf discs
were taken at 24h intervals (0, 2b, 48 and 72h). Plants
were inubated at 2j C in a mist chamber and received two
daily mist episodes (90 seconds/episode) of simulated
rain solution adjusted to pH 5.6. The cumulative fraction
of soybean leaf discs which froze was plotted as a
function of decreasing temperature. Thirty leaf discs
were used for each sampling period.
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Figure 5P} Ice nucleation activity of soybean leaf discs
from plants with leaf surface populations of §. herbicola.
Soybean plants were inoculated with suspensions of 2.1
x 10 cells/ml of §. herbicola. Leaf discs were taken
at 2bh intervals (0, 2b, #8 and 72h). Plants were incubated
at 25 C in a mist chamber and received two daily mist
episodes (90 seconds/episode) of simulated rain solution
adjusted to pH 5.6. The cumulative fraction of soybean
leaf discs which froze was plotted as a function of
decreasing temperature. Thirty leaf discs were used
for each sampling period.
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The 24, 48 and 72 h samples, inoculated with either Q. s. pv.

ägrigggg or Q. hgggigglg, had similar freezing spectra and

remained clustered in comparison to the Oh sample freezing

spectra (Figure 5). Generally the leaf discs obtained from the 24
I h sample (exposed to two misting episodes? had the next most

consistently active freezing spectra.
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DISCUSSION

Symptom Developnent on Foliage. Although no lesion

development was observed on plants exposed to pH 3.0,

4.0 or 5.6 mist for 72h, it is possible that some leaf

tissue may have been damaged from exposure to pH 3 mist

with subsequent leakage of nutrients onto the leaf

surface. Young soybean leaves, not yet fully expanded,

such as those utilized in this investigation are more

sensitive than mature and fully expanded leaves to

simulated acid rain. (Evans and Curry, 1979).

Recovery of Bacteria Following Inoculation. The

consistently lower recovery of populations of E. g. pv.

sygigggg, relative to E. herbigglg, immediately

following inoculation (Oh sample) may result from

several factors. Colorimetric estimates of bacterial

populations may be inaccurate due to the greater size

and, therefore, increased light scattering of Q. g. pv.

gygigggg, relative to E. hgrbigglg. However, results

from previous recovery investigations demonstrated that

the correct number of bacterial cells were recovered

following colorimetric estimation of E. s. pv. sygigggg

and E. hggbigglg and their recovery on NAG or

appropriate selective media of NAGS or NAGS,

respectively (Appendix F). Another possibility for the
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lower populations is that the greater size of Q. s. pv.

gygigggg cells enhance the likelihood of shearing during

inoculation by the spray nozzle thus reducing the number

of viable cells. Differences in adhesive properties of

E- s· pv- syziasee aßd E- hezhisgle ¤¤ the eeybeeh
phylloplane may also contribute different recovery rates

of these two bacteria. However, Jasalavich and Sequeria,

(1984) demonstrated that E. hgrbigglg adheres better to

the phylloplane of soybean than E. s. pv. gygigggg. The

Q. g. pv. gygigggg used in this investigation was

originally isolated from citrus in California and

consequently may have been washed off the soybean leaf

surface upon misting more readily than E. hgrbigglg

isolated from a corn leaf in Wisconsin (Lindow, personal

communication). It is not known what effect the sterile

distilled water used to suspend the bacterial cells

would have on the viability of Q. s. pv. syringgg and §.

hgrbigglg since no buffering agents were utilized. The

time elapsed in suspension did not exceed 10 min for ’

colorimetric estimations and inoculation, and 40 min for

recovering populations from leaf surfaces. Tween 80 was

used as a detergent to facilitate the removal of Q. g.

pv. sygiggag and E. hggbigglg from the surface of

soybean leaflets and its effect on viability of E. s.

pv. gygigggg compared to §. hegbigglg is not known.
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However, it has been demonstrated that the use of tween

80 for wahing Qgtg leaves decreased the number of fungal

cfu and increased the bacterial cfu compared to controls

(Dickinson, 1971).

Growth Response of Bacteria to Mist. The results from

this investigation demonstrated that the population

dvuemies ef E- s- pv- szriggee eud E- berbisgle respeud
differently to pH 3.0, 4.0 and 5.6 mist. ggwigig

hggbigglg achieved optimal growth under acidic

conditions on the leaf surface when exposed to pH 4.0

mist and grew well when exposed to pH 3.0 mist, compared

ts PH 5.6 mist (Figure 3 eud 4)- Eseuégmgues syriugee
pv. gygigggg achieved optimal growth under less acidic

conditions when exposed to pH 5.6 mist compared to pH

4.0 mist, and the negative growth experienced following

pH 3.0 mist. Possible reasons for the observed

population dynamics of these two bacterial species in

response to the mist treatments include a direct effect

of the H ion concentration influencing the bacterial

cell metabolism, the preference of an acidic environment

by ß. hggbigglg, or competition between E. s. pv.

gygigggg and E. hggbigglg. Lacy et al. (unpublished

data) have shown that §. hggbigglg grew well in Davis’s

Minimal Broth adjusted to pH 3 and achieved optimal

growth when adjusted to pH 4.0. Another factor which may
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have influenced the population dynamics of these

epiphytic INA bacteria is the possibility of the acid

mist (pH 3.0 and 4.0) solubilizing polysaccharides

responsible for the adherence of cells to the leaf

surface.
The reduction in growth of E. s. pv. syriggge when

inoculated with §. hggbigglg, compared to being

inoculated alone, may reflect competition with E.

hggbigglg for primary colonization sites on the leaf

surface. Qgwigig hggbiggla population did not decrease,

when inoculated with Q. §.. pv. sygigggg and exposed to

pH 5.6 mist. The decrease in the growth of Q. s. pv.

gyrigggg (1.53 log), inoculated with Q. hggbigglg, was

greatest at pH 3.0 mist and may indicate that

competition effects are more severe under stress

conditions (i.e. pH 3.0). There was a 0.525 log decrease

for E. s. pv. sygigggg and a 0.362 log decrease for §.

hegbigglg when inoculated together and exposed to pH

4.0, compared to being inoculated seperately. It was

anticipated that there would be a greater decrease in E.

s. pv. gygiggag population as a result of competition at
I

this pH since pH 4.0 was the optimum pH for growth of E.

hggbigglg when inoculated alone, but this was not

observed. Due to the favorable growth conditions at pH

4.0, the competiveness of E. hggbigglg may have been



56

lessened. Several methods of competition utilized by §.

hggbigglg could account for the reduction of growth of

Q. s. pv. sygigggg. These include the ability of §.

hgrbigglg to be attracted chemotactically to a variety

of nutrient sources and the ability to create an acidic

environment (Klopmeyer and Ries, 1984; Riggle and Klos,

1972). Another possible mechanism of competition,

although not believed to have played a role in this

investigation, is the production of antibiotics.

Lindow (1982c), investigating the role of antibiosis

among epiphytic bacteria on corn leaves, concluded that

inhibitory compounds were not of primary importance in

the inhibition of INA bacteria. From the results

obtained in this investigation and other investigations

of the competiveness of E. hegbigglg, this bacterial

species appears to have the ability not only to create

an acidic environment but to grow in such an environment

as well.

The alteration of the soybean leaf surface from

acidic misting may have influenced the population

dynamics of E. g. pv. sygiggge and E. hegbigglg. Haefele

and Lindow (1984) found that physical (e.g abrasion) and

chemical (e.g. EPTAM) changes in leaf surface characters

tended to raise the mean populations of Q. s. pv.

sygigggg per leaf. A leakage of small amounts of ionic
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substances may have occurred as a result from damaged

leaf tissue on the leaflets exposed to pH 3.0 and 4.0

mist. This sudden availability of leaked nutrients from

damaged tissue could be utilized by §. hggbigglg faster

than Q. s. pv. gygigggg, especially at these lower pH

regimes. In nature, the larger droplets of

precipitation from acid rain may be more likely to

disrupt the physical integrity of the leaf surface, than

mist, and therefore providing more nutrients to

epiphytic bacteria. A fine mist, covering the leaf

surface with a film of moisture, may have a more direct

effect on the epiphytic bacteria than on the leaf

surface.

Freezing Spectra of Leaf Discs. During experiments on

the freezing spectra of leaf discs (ice nucleation

acitivity), no attempt was made to determine the

population dynamics of the epiphytic bacteria. However,

it was assumed that the initial populations and

subsequent rates of growth were similar to the whole

leaf studies. An increase in ice nucleation activity was

anticipated to occur for those INA bacteria with greater

populations, however, such an increase for Q. s. pv.

sygigggg did not occur. Lindow et al. (l978b), observed

that the degree of frost injury caused to corn leaves

was directly proportional to the logarithm of a specific
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population of an INA §. hggbigglg strain at -4 C.

The ice nucleation activity of bacteria is also

dependent upon the NF and, therefore, the factors which

influence the NF, such as genotype, cultural conditions

and temperature used for determining the NF (Lindow, et

al. l978b; Paulin and Luisetti, 1978). The leaf discs

obtained from the Oh sample, which generally contained

the lowest populations observed, were more active as ice

nuclei than leaf discs obtained from 24, 48 and 72 h

samples. This high ice nucleation activity may have been

due to the enhanced ability of INA bacteria to serve as

ice nuclei due to growth on NAG, a cultural condition

known to increase NF (Lindow et al. 1978b). Factors

responsible for the lower ice nucleation activity of Q.

s. pv. sygigggg and E. hggbigglg in the 24, 48 and 72 h

samples could include the utilization of a new and

limited nutrient source and the exposure to the mist

regime which may lower the NF of the INA bacteria

(Lindow, personal communication).

After exposure to misting of simulated rain

solutions, the recorded temperatures at which 25, 50, 75

and 100x of the leaf discs froze never differed by more

than 1.5 C. This similarity in ice nucleation activity

between bacterial species was surprising since

populations of §. hggbigglg always increased
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substantially compared to P. g. pv. sygigggg.

E§§9§9!Q9§§ §Y£l98§§ PV· §Y§lQ8§§ WBS 8¢¤€F¤llY ¤¤F¢

active, as an ice nuclei, than §. hggbigglg at lower

temperatures in response to misting at pH 3.0 and 4.0,
u

the treatments in which §. hggbigglg experienced optimal
U

zr¤wth- Bssyégagaas syxinsee Pv— sxziasas is s ¤¤rs
efficent ice nucleator than §. hggbigglg (Lindow, et al.

1982b; Lindow, et al. 1978c; Lacy, Personal

communication with Lindow).

Although this investigation centered around one

strsiv ¤f E- s- pv· sxxiasas s¤d E- Qs;bis9la• stbsr
investigators have observed a higher percentage of P. g.

pv. gygigggg strains active as ice nuclei than strains

of E. hggbigglg. Gross et al. (1983), found only P. s.

pv. syrigggg INA bacteria in two Pacific Northwest fruit

tree orchards. Paulin and Luisetti (1978) found 87% of

P. s. pv. sygigggg strains tested were active as ice

nuclei at -4 C and no ice nucleation activity in the the

52 E. hgrbigglg strains isolated from deciduous fruit

trees. Most E. hggbigglg strains (approximately 60%)

isolated from the field are not active as ice nuclei

(Hirano, personal communication).

The population dynamics of P. s. pv. sygiggge in

response to pH 3.0 or 4.0 mist cannot be responsible for

the enhancement of ice nucleation activity observed at



60

these two pH treatments relative to pH 5.6. The

population of Q. g. pv. gygigggg increased (net growth

2.157 log) when exposed to misting of pH 5.6, yet the

ice nucleation activity recorded for this treatment was

less than the activity observed after exposure to pH 3.0

and 4.0 mist. One factor which may account for an

increased ability of Q. g. pv. gygigggg to serve as

active ice nuclei at pH 3.0 and 4.0, is that nonviable,

as well as viable, cells of INA bacteria may serve as

ice nuclei (Lindow, 1982a). If nonviable, or perhaps

. stressed, INA bacterial cells are more efficient ice

nucleators than actively dividing viable cells, this

could explain the decrease in ice nucleation activity at

pH 5.6 when E. s. pv. gygigggg experiences it optimal

growth. The acid mist at pH 3.0 and 4.0 may influence

ice nucleation activity by enhancing the ability of Q.

g. pv. syrigggg to produce the membrane bound protein

believed responsible for the ice nucleation activity or

cause E. s. pv gygigggg to enter a survial (hypobiotic)

phase. The increase in ice nucleation activity of

stationary bacterial cells of E. s. pv. sygiggae

compared to activley growing cells has been observed by

Lindow (personal communication).

Different techniques used in determining ice

nucleation activity and sampling population dynamics of
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Q. s. pv. gygigggg and E. hggbigglg have made results in

the literature difficult to compare with the results

obtained in this investigation. Further work is needed

to determine the effect acid mist would have on the leaf
6

surface characteristics of soybean, with respect to ice

nucleation acitivity and population dynamics, prior to

inoculation with E. s. pv. gygigggg and E. hggbigglg.

The findings by Haefele and Lindow (1984), that E. g.

pv. sygigggg on physically or chemically altered corn

leaf surfaces raised mean populations and lowered

population variance and NF, differed from this

investigation in that inoculations of Q. s. pv. syrigggg

or §. hggbigglg on the soybean leaf surface were made

prior to exposure of acid mist. These changes probably

occurred due to the direct effects of misting on E. s.

pv. gygigggg and E. hggbigglg and perhaps minimal

changes of the leaf surface characteristics caused by

the acidity of the mist. Results obtained from this

investigation indicate that Q. §. pv. syrigggg decreased

_ in growth in response to the increasing acidity of the

mist. There appears to be a relationship between the

population dynamics and ice nucleation acitivity for §.

hggbigglg. Those pH treatments which brought about the

optimal growth, also brought about the optimal ice

nucleation activity of §. hggbigglg. In response to
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misting of pH 4.0, 3.0 and 5.6, the net growth of Q.

hggbiggla was 3.924, 3.539 and 2.926, respectively, and

the temperature at which 50% of the leaf discs froze was

-7.9, -8.7 and -9.0, respectively. It is possible that

the ice nucleation activity could have been influenced

not by the population of Q. hggbigglg but by the acid

mist enhancing the ability of the bacterium to serve as

an ice nuclei in a manner similar to that described for

E- 2- pv- 2x;i2s22-
Although this investigation was conducted within a

laboratory, the results indicate how Q. s. pv. syrigggg

and Q. hggbigglg may respond to acidic precipitation

under natural conditions. A soybean phylloplane was used

in this investigation, however, the results obtained

could be applicable to other host plants due to the

ubiquitous distribution of Q. s. pv. sygigggg and Q.

hggbigglg on a diverse array of plants across the United

States. The soybean phylloplane used in these studies

was relatively sterile compared to those in the field

and under these laboratory conditions immediate

responses were achieved and attributed to one

controllable factor - the pH of the misting. Such

responses would be masked or delayed under field

conditions due“ to UV radiation, fluctuation in

temperature, natural seasonal variations in populations
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of epiphytic microorganisms (including other bacteria1_

species, fungi and yeast) and competition among

epiphytic microorganisms.

Currently, over much of the eastern United States

epiphytic microorganisms are being exposed to rain with

an average annual pH of 4.2 (USEPA, 1984). In general,

acid rain (pH 3.0 and 4.0) has a detrimental effect on

soil microbial processes, but its effect on epiphytic

microorganisms on the phylloplane has not been examined

extensively. Summarizing results obtained from this

investigation, misting with artificial rain solutions

adjusted to pH 3.0 or 4.0, stimulated the growth of Q.

hggbigglg and the ice nucleation activity of Q. s. pv.

sygiggge and Q. hggbigglg, but was inhibitory to the

growth of Q. s. pv. sygigggg relative to pH 5.6 mist.

Further work is needed to determine if acid rain, as

well as other pollutants, can serve as a selective force

for Q. hgrbigglg over other epiphytic bacteria, and if

the ice nucleation activity of Q. s. pv. sygigggg and Q.

hegbigglg is influenced under field conditions.
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_ Appendix A
1

Planting, Maintenance and Growth of Essex cv. Soybeans.

PRO·MIX BX (Wetsel Seed Co.) potting medium was mixed with

water and placed into sixty—six 10 cm diameter plastic pots. Six

seeds were arranged equidistantly on each pot’s soil surface and
1

planted 0.5 to 1.0 cm deep. The pots were saturated after

planting and then watered periodically. No nutrient input was

required due to a 2 week supply of nutrients present in the

PRO—MIX BX. No Rhizobium spp. were added to the soil.

Generally 3 to 5 plants emerged uniformly out of the six

planted. The hypocotyl was observed after 3 to 4 days and the

cotyledons opened after 4'— 5 days. Unifoliate leaves were fully
_

expanded after 8 days and the first apical bud was observed after

9 days. At this time the plants were thinned to obtain 2 to 4

plants/pot.After

12 days, plants were thinned to two plants/pot. Thinning .

allowed better uniformity among the plants — i.e. removal of the

smaller and larger plants relative to the mean plant size. After

13 to
15·

days the first apicalAÄVIVtrifoliate was I/3 to 1/2 fully

_ expanded.d. ‘ ~

The following day, plants were inoculated» with the bacteria
“

and placed, at random, into the mist chambers for the duration of

the experiment. ‘
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‘ Appendix B

Mist Chambers

All of the studies were conducted in two mist chambers (MC l„

and MC 2) located in the Vorticella laboratory. The walls of the

mist chambers were constructed from styrofoam insulating material

(approximately two cm in 'thickness). The lower portion of the

chambers consisted of a metal well for collecting water. The top

of the mist chambers were covered with clear polyacrylic plastic _

(approximately 0.8 cm in thickness). Lighting for the mist

chambers was provided by four Westinghouse Slimline cool white (72

in. T12) fluorescent bulbs located approximately 19 cm above the °

tops of the mist chambers. U

The mist chambers were originally designed to function as dew·

chambers. A series of eight copper tubes were located inside each

mist chamber approximately five cm from the top. A coolant pumped

through these tubes caused water droplets to form and fall to the
_ bottom of the mist chamber.

To modify these dew chambers into mist chambers a mist nozzle,

attached to plastic tubing, was placed in the center of each

chamber (approximately 22 cm from the top of the chamber).

Compressed breathing air (20 lbs/in?) was used to pressurize a 25

L plastic Nalgene tank contéining=water·which·was’forced through

plastic tubing to one or both nozzles in the mist chambers to
’ 8¢¤erate a fine mist.

1: ll
‘

l -.

„ 273 r



e Appendix C ·

° _ Artificial Rain Solution and Zinc Assay

The mist consisted of an artificial ”rain" solution. The
”

anions and cations present in this artificial rain solution were

in concentrations similar to those reported in rain collected at

the Horton Research Center (Chevone et al., 1984). The pH of this

rain water was adjusted to 5.6 with the addition of 1 M NaOH or to

pH 3.0 or 4.0 with the addition of a solution containing lM HeSO4

and 0.5 M HNOa. ‘

Samples of this rain water, at pH 3, were analyzed before and
4

after passing through the misting apparatus and nozzles, to

determine if the pH had changed or if anionic or cationic

components had leached from the mist nozzles (Table C1). Several _

beakers and glass Petri plates were used in each chamber to

collect adequate amounts of rain water for analysis. Nozzles were

tested fand the samples combinedl The pR·of the rain water did not
change significantly after passing through the misting apparatus

(pH 2.94 _before, pH“oä}98*§ft§r), howeyer, trace metal analysis

indicated that 0.092 mg/l of zinc was presentQ;inTT_, solution after

passing through the mist nozzles (Table C1). Analysis of the rain

samples taken before passing through the mist nozzle showed no „

detectable zinc._
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4 Table Cl. Analysis of simulated rain water (pH 3.0) before
and after passing through mist nozzles.

. Concentration (mg/L)
Ions1 Before After

Zn . < detection 0.092

Cu < detection < detection ‘

Na‘ 0.53 _4 1.00

K* 0.21 0.25
Ca2* 3.00 1.60

. Mg2* 0.07 0.18 -
NH4* 0.22 0.43
Cl‘ 0.49 V

4 0.59
NO:4 ' 24 . 0 23 . 0

V
„

S042' 43.0 42.0

1 Samples were collected July 24, 1985 and analyzed
on July 29, 1985. A
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Zinc assay. Due to trace amounts of zinc leached from the ._
brass misting nozzles, the following experiment was conducted to

determine the effect of ainc was on populations of Pseudomonas

sgringae pv. sgringae, Pseudomonas sgringae pv. glycinea, and

Erwinia herbicola.

Zinc sulfate was dissolved in sterile water and transferred to

a series of microcentrifuge tubes to obtain the following '

concentrations: 10.0, 1.0, 0.1, and 0.01 mg of Zn/L.

Suspensions of the ‘bacteria were individually adjusted

colorimetrically to l0’ cells/ml and serially ’diluted to obtain

10* cells/ml. A 0.1 ml aliquot of the bacteria suspension was

transferred into each microcentrifuge tube (now 103 cells/ml)

containing either 0.9 ml
lof

the zinc concentrations or sterile

distilled water for 5 minutes and 0.1 ml was transferred to NAG.

The log bacterial CFU recovered are given in Table C2. The

growth
lof

Q. s. pv. syrgngag and Q. herbicola were not noticeably

influenced by the zinc concentration of 0.1lmg/L compared to the

control. This experiment was repeated and similar findings were

observed.

LITERATURE CITED
l
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TABLE C2. The log bacterial CPU recovered following exposure
to various concentrations of zinc sulfate.

Concentrations ZnSO¤ img/L)
Bacteria 10 ” ‘ 1.0 0.1 _Contro1
Q. herbicola 2.60 3.43 3.47 3.45
Q. s. pv. sgringae 3.17 3.04 3.25 3.32 .
Q. g. pv. glycinea 3.49 3.70 3.67 3.86



Appendix D .
l

Nucleation Frequency
A

To quantify the ice nucleation activity of the bacteria used

in this investigation the Nucleation Frequency (NF = number of ice

nuclei/cell) of these bacteria, at -5 C, was determined (Hirano,

et al., 1978; Hirano, et al., 1985). The NF was recorded for Q. s.

pv. sgringae Cit 7 , Q. herbicola 26SR6-2, and Q. g. py. glycinea

W37, suspended in sterile distilled water (Table D1).

An aluminum cold plate (Thermoelectrics Unlimited, Inc) coated

with 1% parafilm xylene solution sprayed from an atomizer was used

to control the temperature for NF studies. Twenty 10-ul (0.01 ml)

droplets of a known bacterial suspension were placed on the plate.

A plastic petri dish was placed over the cold plate for insulation

and to keep moisture from condensing on the cold plate. To allow

for adequate space on the cold plate,
an

30 idroplet sample was

tested for each bacterial species. The temperature of the cold
plate was monitored with a probe) attached to a thermometer (Type

E thermocouple thermometer, Cole Farmer llnstrument Company,

Chicago Illinois, 60648) embedded into the cold plate and

insulated with aluminum sealant (Devcon Corporation, Danvers MA,

01923). The temperature dropped from 21.5 C to -5.0 C in

approximately four minutes and remained constant at this

temperature. Generally five minutes (beginning after the

temperature has reached -5.0 C) was allotted for the droplets to

r=~ain on the cold plate before counting the number of droplets

78
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(between 5 and 30) that froze (Hirano, personal communication).

The non-INA bacterial species used for this procedure was Erwinia

carotovora subsp carotovora ECl4.

Pseudomonas syringae pv. syringae ·had a higher NF than E.

herbicola or P. g. pv. glgcinea at -5 C. This experiment was
repeated and similar NF were observed.

LITERATURE CITBD
l

Hirano, S.S., E.A. Maher, A. Kelman, C.D. Upper. 1978. Ice
nucleation activity [of fluorescent plant pathogenic
pseudomonads. pp. 717 -724. lg Station de Pathologie Vegetale
et Phytobacteriologie, ed. Proc. 4th Int Conf. Plant Path.
Bact. Vol. 2. Institute National Reserche Agronomique,
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_ Table D1. Nucleation frequency of INA strains of Q. Q. pv.
sgringae and Q. herbicola, a pathogenic strain of Q. Q. pv.
glycinea and a non—INA strain of Q. carotovora with
populations adjusted to 105, 10* and 103 cells/ml.

” . NUCLEATION FREQUENCY°

Bacteria 105 cells/ml 10* cells/ml 103 cells/ml
W

Q. Q. pv. syringae 1.00 x 10* 2.75 x 10** 5.00 x 10*3

Q. herbicola 1.00 x 10* 2.25 x 10** 0.00 —

Q. Q. pv. glycinea 1.25 x 10*1 0.00 0.00

Q. carotovora 0.00 0.00 0.00

Sterile Distilled 0.00 0.00 0.00
Water

3 Nucleation Frequency is the fraction of calls active as
ice nuclei at -5 C. ‘



Appendix E _ h

Population Density of Bacterial Populations

Populations of epiphytic bacteria found on plant leaves have

been described based on fresh weight or surface area (Ercolani, et
L

al., 1974; Lindow, et al., 1978a; Lindow, et al., 1978b;
Lindemann, et al., 198l;V Surico, et al., 1981; Hirano, et al.,

1982; Mew and Kennedy, 1982). 4
l

. The fresh weight (grams) and surface area (cmz) were both

measured in a preliminary experiment (Table El). The leaflets for

each sample were selected at random and removed from the plant by

sterile forceps. The bulked sample of 10 leaflets was immediately

placed on_a plastic tray and weighed. After washing, the leaflets

were recovered and pressed between two paper towels to facilitate

tracing the leaflets onto typing paper (50% cotton fiber). These
7

outlines were then cut out and individually measured by a portable

leaf area meter. l
y

.„ There appears io be an approximate 2 log —CFU difference in_

population between, the ff§§D weight and surface area (Table E2).

However, there is a close correlation between these tea techniques(r3 = 0.727). ‘
One factor which could affect the correlation between the

weight and surface area of a particular leaflet would be the

amount of moisture retained_ on the leaflet from prior misting

’ 81
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episodes. This factor was minimized by the addition of a squirrel

cage fan in each mist lchamber to ‘circulate ithe air thereby

removing the moisture on the leaflets and preventing bacteria1•
washoff by subsequent misting episodes.
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_ Table E1. Fresh Weight (g) and Surface Area (cm?) from
a preliminary experiment.

Total Average
l

Samp1ing° Fresh Surface Surface Standard
Time/Sample Weight (g) Area (cm?) Area (cm?) Deviation (cm?)

6h/Sl 2.3 _138.8 13.9 4.4

6h/S2 2.0 123.1 12.3 4.4
6h/S3 2.4 ,129.2 12.9 3.4

6h/S4 2.3 133.9 13.4 3.3

12h/S1 2.6 127.6 12.8 3.1

12h/S2 2.2 119.1 11.9 3.5

12h/S3 2.2 1128.1 12.8 4.8
12h/S4 2.1· 131.4 13.1 4.6

48h/S1 2.8 151.4 15.1 4.7 .

48h/S2 2.8 161.7 16.2 3.9

1 4.5

48h/S4 2.4 7 159.9 15.9, 3.7_}
4 14.2 . l 3.3

72h/S2 2.1 138.7 13.8 „ 2.0

7211/s3 .2..1 ‘ 131.6 13.1 3.4
72h/S4 2.2 · 136.3 ‘ 13.6 2.4

*No 0 h samples for surface area determination were taken.
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Table E2. Populations of Q. g. pv. glgcinea W37 on soybean
cv. ”Essex" after misting with simulated rain at pH 5.6.
Results are from Preliminary Experiment 1 with respect to
surface area and fresh weight of the leaflets.

Time, hours
(after inoculation) Log cfu/cm? Log cfu/g fresh weight

— 0
V

_____• 7.056°
L ;0.042

LL · V ° ‘ 4.589~ _, "L .' 6.354
5 ;0.044

12 M _ L L 4.658 .; _ _6.4l5
. L 5~

L " ‘L;0.086 '. ;0.085
l

20 “ u _ 1-2l-- 41 ...„.
24 5 ———-· —·—-—

’ 48 5.001 6.785
j0.104 ;0.134

72 5.602 7.398
j0.13l - ;0.l23

°Data not available

°Values represent the log average and one standard deviation of 10
bulked leaflets in four replicate samples.



APPENDIX F
1 1

Recovery of Q.g. pv. sygingae and Q. herbicola on NAGR and

NAGS, and recovery of Q.g. pv. glycinea ¤ SELM (selective nedia „

t for Q. g. pv. glycinea). _ _

This experiment was conducted to determine the ability of Q. ·

A g. pv. syringae, Q. herbicola and Q. g. pv. glycinea to grow on

NAGR, NAGS, Selective Media (for Q. g. pv. glycinea, SELM) and

NAG, as well as the accuracy of the colorimetric estimation and

subsequent recovery of viable bacterial CFU. The instructions for

preparation of SEUW, as well as the strain (W—37) of Q. Q. pv.

glycinea was obtained from M. Sasser, Plant Science, University of

Delaware, Newark.
in

.

After 48 h incubation,E cultures of Q.·§. pv. syringae, Q.

herbicola and Q. g pv. g1¥cinea were washed separately from NAG
‘ with sterile disti1led·”;@ter; and gdjusted colorimetrically to

l
0.270 (OQD.) (107 cells/ml) for Q. g. pv. syringae, 0.235 (0.D.)

for Q. herbicola and 0.270 for „Q. g. pv. glycinea at 530 nm

(Shriner, 1978). Each suspension was serially diluted l0—fold.

Suspensions of 10*5 and 10** cells/ml of each bacterium was

inoculated (0.1 ml) onto NAG, NAGR, NAGS and SELM and incubated at

« 25 C. There were three .replicate platings for each bacterial1
species. The mean log CFU of each bacterial species was recorded ‘

in TABLE Fl.

· 85
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_ Colorimetric estimations based upon turbidity at 0.25 O.D. for

a bacterial suspension at 530 nm proved to be a relatively

accurate and consistent· method of determining bacterial

populations.

No growth of bacteria occurred on selective media intended for

the growth of a particular \bacteria1 species (Table Fl). The

antibiotics added to the hAG+ inhibited lgrowthd of Q. g. pv.

_sgringae (streptomycin sulfate)3 and Q. ggrbicola (rifampin) by

approximately 0.3 log CFUZml compared to unamended NAG (Table Fl).
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TABLE P1. Bacterial CPU recovered after 48h incubation (25
C) for Q. g. pv. syringae and E. herbicola, and 96h”
incubation (25 C) for Q. g. pv. glgcinea. Recovered
populations were transformed into base 10 logarithms (Log
CPU/ml).

Mean Log CPU/m1°
”

_ Bacteria NAG NAGR NAGS SELM

_ Q. g. pv. sgringae 7.71V, 7.36 —·—° l f --—

E. herbicola 7.35 -- 7.07 ———

Q. g. pv. glgcinea 7.68 -—— --— 6.93

° mean log CPU recovered from three inoculations.

° no growth observed (0 CPU).



. Appendix G
·

-

Pseudomonas sygingae pv. glgcinea Pathogenicity Tests

Six strains of P. g. pv. glycinea were obtained from M.

Sasser, Plant Science, University of Delaware, Newark. Strains

W-37, W—3, 84-9, and 84-13. were isolated; fromi Delaware 'Ware’
cultivar ‘soybean leaves. Strains F-184 and PQK4 were initially

obtained from W. B. Ward, Plant~Pathology Research Centre, London,

ontamsucksav.A

pathogenicity test was conducted
to.

determine the most

virulent strain on the Essex cultivar soybean. The different

strains of Q. g. pv. glycinea were grown for 48 h on KB medium and _

removed with sterile distilled water. Suspensions of each strain

were adjusted to 107 cells/ml and transferred to a hand-held spray

bottle used to inoculate the soybean leaflets by the Water

Congestion Method (Lacy and Leary, 1975). A total of 24 plants

were inoculated (4 plants per strain) and 2 plants were used as
I

controls. These inoculated plants were kept at 100% RH and 25 C in
the mist chambers for 72 h after which symptoms of chlorosis and

necrosis were recorded (Table Gl).

Pseudomonas syringae pv. glgcinea W-37 and 84-9 appeared to be

the most virulent strains with 70 to 85% chlorosis occurring on ,

Essex soybean (Table Gl). Another pathogenicity test was carried

out to determine which of the two strains (W-37 or 84-9) was more '

virulent. The same procedure was used as describe above and after
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72h, W-37 showed approximately 10% more chlorosis and necrosis

with better defined symptoms on the soybean leaflets than 84-9.
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Table Gl. Pathogenicity Test Results. Symptoms were recorded
after 72 h incubation at 25 C and 100% RH. First trifoliate
leaflets from 24 Essex cultivar soybean plants were inoculated
by the Water Congestion method.

Q. g, pv. glycinea -6Chlorosis* Wecrosisb
{

9 strain M .(§> . (S)

. fw-av 1 ’ii ““ 85: H 6 ‘
184-970-85 15-25 1

PgK4 10-25 0-2
84-13 5-15

2.

F134 10-30 2-5

W-3 8-15 0-2

* For all strains of Q. §. pv. glycinea, water soaked areas
were present after 2 days, chlorotic symptoms were present
after 3 days for strains 84-9 and W37, and 4 days for the
otherstrains.°

Strains 84-9 caused necrotic symptoms after 4 days, other _
strains took 5-6 days.




