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Plasmid Stability of pUB110 and pUB110-Derived 

Plasmids in Bacillus sphaericus 2362 

by 
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Allan A. Yousten (advisor) 

MICROBIOLOGY 

(Abstract) 

Bacillus sphaericus 2362 is highly pathogenic to the larvae of mosquitos. 

The potential of this bacterium as a biological control agent could be improved 

by the availability of a stable cloning vector. Such a vector would allow the 

incorporation of traits into B. sphaericus which could benefit its large scale 

production or larvicidal characteristics. To evaluate the use of the Staphylococcus 

aureus plasmid pUB110 (4.5 kb) for this purpose, the stability (ability of the 

plasmid to remain intact and divide into daughter cells during bacterial cell 

division) of this plasmid and four plasmids derived from pUB110 was examined. 

The recombinant plasmids were developed in the laboratory of Dr. William Burke 

at Arizona State University. 

Stability was examined under various conditions of cell growth. Throughout 

Spore germination, vegetative growth, and sporulation (spore recycling) in host 

mosquito larvae cadavers, pUB110 and two of the derivatives, pLDT103 (7.6 kb) 

and pTST130 (6.5 kb), were found to be stable (100%, 99%, and 96% 

respectively). Plasmids pLDT117 (9.3 kb) and pTST112 (6.5 kb) were lost from 

B. sphaericus in 23% (pLDT117) and 35% (pTST112) of the colonies from



resulting spores examined. During the construction of these unstable plasmids, a 

region of DNA which binds the host cell membrane in B. subtilis was interrupted. 

Stability was also measured after 40 generations of vegetative growth in a 

chemostat. Each plasmid-bearing strain was grown at both 28°C and 38°C, with 

generations times of 42 min and 108 min. All plasmids were functionally stable 

under the conditions of extended vegetative growth that were successfully tested. 

The strain which carried pTST130 was unable maintain a steady growth rate in the 

chemostat with a generation time of 42 min. Therefore, reliable stability 

determinations could not be made at the higher growth rate for this strain. 

As through spore recycling in mosquito larvae, strains harboring pUB110, 

pLDT103, and pTST130 were stable throughout the growth cycle in a shaken flask. 

Plasmid pLDT117 was found to be stable during exponential and early stationary 

phase. However, 10-15% of the colonies grown from resultant spores lost 

neomycin resistance (conferred by the plasmid). The strain carrying pTST112 was 

unstable throughout the growth curve. During exponential and early stationary 

phases, the plasmid was present in about 85% of the cells tested. The stability 

reported for spores of B. sphaericus 2362 [pTST112] was 78%.
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Introduction 

Many strains of Bacillus sphaericus produce a crystalline protein that is toxic 

upon ingestion by larvae of several mosquito species. Among these strains, B. 

sphaericus 2362 is one of the most toxic and is a candidate for production as a 

biological control agent. Control of mosquitos by the application of a B. sphaericus 

spore suspension (containing spores and toxin) to mosquito-infested waters has 

several advantages over organic chemical control. The toxin affects only mosquito 

larvae. It can be produced locally in third world countries where mosquitos are 

vectors for important pathogens that cause diseases such as malaria. And, this 

toxin appears to be less subject to the development of resistance by mosquitos. 

As promising as this bacterium is, it may be possible to improve B. 

sphaericus through the addition of new traits which would improve its entomocidal 

properties or growth efficiency. For example, B. sphaericus can use hydrolyzed 

protein products as a carbon source more readily than complex proteins. 

Incorporation of an extracellular protease into 2362 would allow more efficient 

growth on less expensive, complex protein substrates. The inability of the 

bacterium to metabolize sugars might be corrected by insertion of genes for 

missing carbohydrate catabolism enzymes. This may enable B. sphaericus to use 

inexpensive sugars during production of spores and toxin. Another possible 

improvement in B. sphaericus would be the insertion of a gene encoding the 

Bacillus thuringiensis subsp. israelensis (Bti) mosquito toxin into B. sphaericus. This 

toxin is more potent than the B. sphaericus toxin against mosquitos of the genus 

Aedes. Ajthough Bti is already in production, it does not persist long in the



environment, lasting only about 48 hours. The greater persistence of B. sphaericus, 

about two weeks, means less frequent doses are required for mosquito control. 

The most viable way to introduce the genes for these and other new traits 

is via a plasmid cloning vector. However, it is known that some plasmids, or 

segments of plasmids, can be lost during bacterial growth. Failure of a plasmid 

to replicate or segregate into both daughter cells during cell division is termed 

segregational instability. A second type of instability, structural instability, is the 

loss of a segment of DNA from a plasmid, resulting in a smaller plasmid which 

is then maintained in subsequent generations. Before using any cloning vector, 

especially on an industrial scale, it is necessary to know that the vector is stably 

maintained in the organism. The selective pressure of antibiotics can be used to 

maintain cultures of cells that have plasmids carrying antibiotic resistance genes, 

but this is not practical on an industrial scale due to the expense of purchasing 

and disposing of these antibiotics. The plasmids must be stable throughout growth 

during manufacture. It is also desirable to know the stability of these cloning 

vectors in bacteria following their release into the environment. 

The goal of this research is to determine the segregational and/or structural 

stabilities of the common gram positive cloning vector, pUB110, and four plasmids 

derived from pUB110. These derivatives are of various insert-size and -origin. 

Also, the location of the inserts in pUB110 differ, allowing determination of the 

significance of insert placement. Plasmid stability is examined under two sets of 

conditions: 1) after extended vegetative growth in a chemostat, at two different 

temperatures and two different growth rates (these parameters have been shown



to affect plasmid stability in other bacteria); and #) after spore germination, 

vegetative growth, and sporulation in host mosquito larval cadavers. 

The chemostat study is meaningful from the industrial standpoint. It is 

important that the plasmid be stable without selective pressure (antibiotics) when 

grown in large fermentation tanks which typically may hold about 50,000 liters. 

To grow a five ml inoculum at 10’ cells/ml to 50,000 liters at 10° cells/ml requires 

about 30 generations. Although the number of generations that are possible in 

a shaken flask is limited, the many vegetative generations resulting from large scale 

growth can be simulated on a small scale by continuous culture. 

The mosquito larval cadaver study is useful for determining the stability of 

the plasmids after the bacteria have been released into the environment. When 

a larva feeds on a spore suspension, the included parasporal toxin acts in the gut 

of the animal, degrading the epithelial cell layer, eventually killing the animal. The 

ingested spores germinate and grow as vegetative cells which sporulate in the 

animal, producing more toxin. These new spores and toxin may be consumed by 

larvae that feed on the larval cadavers. The stability of plasmids present in these 

recycling bacteria may or may not be consequential, depending on the introduced 

trait(s).



Literature Review 

The Species 

Bacillus sphaericus is an aerobic, gram positive, rod-shaped bacterium, 

characterized by the formation of round, terminal spores. The bacterium is found 

commonly in soil and often isolated from insects. Vegetative cells are motile by 

peritrichous flagellae. B. sphaericus is commonly identified by a lack of phenotypic 

determinants such as the inability to metabolize glucose, starch, and many other 

carbohydrates (57). Since classification of this species is based largely on negative 

characteristics, B. sphaericus includes a great number of strains which are not 

practically distinguishable because they lack any easily determinable traits. 

However, the strains of this species comprise a genetically heterogeneous group 

of bacteria. Of 62 strains reviewed by Krych et al. (37), only three showed greater 

than 70% DNA-DNA similarity to the type strain, ATCC 14577. Fifty of these 

62 strains were divided into five similarity groups, the differences among which 

were great enough to justify speciation. However, the present lack of easily 

distinguishable differences discourages the establishment of separate species. Other 

classification schemes of the various strains are based on serotyping (23, 24, 25), 

isozyme electrophoresis (77), or on batteries of phenotypic characteristics 

(numerical classification) (2, 12, 27). 

B. sphaericus strains that belong to DNA homology group IIA (37) are 

unique in that they are pathogenic to the larvae of many mosquito species. These 

pathogens have been sub-grouped further by serotyping and phage typing (24, 25, 

80). The most toxic strains are members of serotype H5a5b, H6, or H25. Both



serotypes H5a5b and H6 belong to phage group 3. One species, B. sphaericus 

2297, a serotype H25 strain, belongs to phage group 4. 

The Toxins 

The level of pathogenicity varies between strains, the most toxic of which 

produce a parasporal protein consisting of 51- and 42- kDa toxin subunits (5). 

These immunologically distinct polypeptides are produced in approximately equal 

molar amounts (6) and both are required for pathogenicity (a binary toxin) (8). 

Although these subunits share regions of high homology, they are functionally 

distinct (18). They accumulate in sporulating cells as a crystalline protein inclusion 

located within the exosporium. Yousten and Davidson (79) and Kalfon et al. (34), 

correlated the appearance of these crystals with the development of toxicity. 

Further, oligosporogenic mutants which failed to produce crystals were shown to 

be non-pathogenic (16). The crystals dissolve in the mosquito larval midgut where 

the peptides are cleaved into smaller subunits which act to lyse the epithelial cell 

layer (15, 22). Toxicity among the less toxic strains has been associated with a 

distinct 100 kDa protein (70), the gene for which is found in both highly toxic and 

less toxic strains. The genes for both the binary toxin subunits and the less toxic 

proteins in various strains have been cloned and sequenced (5, 6, 70). Though 

small variations in amino acid sequence have been observed for each polypeptide 

among the various strains of B. sphaericus, no sequence similarity has been 

observed between these toxins and the B. thuringiensis toxins, also lethal to 

mosquito larvae.



Plasmids in B. sphaericus 

Many strains of B. sphaericus harbor plasmids. Although, there have been 

some discrepancies in the literature concerning the presence and sizes of plasmids 

native to B. sphaericus, plasmid profiles vary between strains. Notably, there exists 

a very large plasmid--or more than one, all of similar magnitude (estimated at 

between 112-185 kb [1, 20, 59, 61])--which is common to many of the non-toxic 

and toxic species, including 2362. Though some plasmids appear to be present in 

more than one strain, little effort has been made to correlate plasmid profiles to 

phylogenic groupings. No genetic functions have been attributed to this or any of 

the native plasmids of B. sphaericus. 

In addition to native plasmids, foreign plasmids have been conjugated or 

transformed into strains of this bacterium. Orzech and Burke (52) reported 

conjugal filter paper transfer of the plasmid, pAMS81, from Enterococcus 

(Streptococcus) faecalis to B. sphaericus. This transfer process was more efficient 

than transfer between B. sphaericus strains. Despite failed attempts to induce 

competence, transformation of numerous plasmids has been demonstrated by 

methods using polyethylene glycol-treated protoplasts (42, 66) and electroportation 

(Taylor and Burke, personal communication). Recently, cloning in this organism 

has become commonplace. Trisrisook et al. (71) and Bar et al. (3) have cloned 

B. thuringiensis israelensis toxin genes into B. sphaericus. Also, Broadwell et al. 

(8) have transformed slightly-toxic and non-toxic strains with plasmids carrying the 

42- and 51-kDa toxin genes to confer pathogenicity in these strains.



Plasmid Stability 

The maintenance of an intact plasmid species through generations of 

bacterial growth is called plasmid stability. Instability occurs when a copy(s) of the 

plasmid fail(s) to segregate into each of the daughter cells during cell division. 

More specifically, this phenomenon is termed segregational instability. A plasmid 

which undergoes some alteration (e.g., insertion, deletion, or rearrangement), the 

new form of which is retained in subsequent cell generations, is termed structurally 

unstable. Various factors have been implicated in plasmid instability including, 

plasmid size, growth conditions, and several genetic determinants. These factors, 

and others, can be grouped into two variables that determine the kinetics of 

plasmid instability (26, 32). The first variable, p, is the probability per generation 

that the plasmid or gene of interest will be lost from the cell. Factors that 

influence this variable include the plasmid construction, the plasmid’s use of the 

host cell replication apparatus, and the ability of the plasmid to migrate into each 

daughter cell during cell division. The second variable, a, is the ratio of the 

growth rate of plasmid-free cells to that of the plasmid-bearing cells. Using these 

variables, the fraction of plasmid-bearing cells (F) after n generations can be 

described as: 

_ 1-a@-p 
F, 1 -a- p(2r*r?) 

Note that if p = 0, (i.e., no chance of plasmid or gene loss), F = 1, always. For 

p values greater than zero, as values for a become increasingly greater than one, 

the value of F drops more sharply.



Factors Affecting Segregational Plasmid Instability 

Temperature. 

Invariably, higher temperatures have been associated with plasmid loss. 

Wouters et al. (78) observed a proportional loss of pBR322 in E. coli K12 as the 

temperature was incrementally increased from 30°C to 42°C. Examination of 

segregational stability of pCK108 (carrying the marker gene encoding carboxy- 

methyl-cellulase) in B. megaterium revealed a similar plasmid loss although enzyme 

expression increased with temperature (63). This observation is notable since a 

primary reason for assaying recombinant plasmid stability is to ensure optimum 

expression of the new genetic information. Even in the thermophilic bacterium, 

B. stearothermophilus, it has been shown that the number of plasmid-bearing cells 

may drop more readily at higher temperatures (36). 

Growth Rate. 

The reported effects of increasing growth rate on plasmid stability have 

been mixed as these effects are apparently dependent on other factors. Some 

investigations have demonstrated that an increased growth rate correlates with 

segregational instability (26, 60, 75). These and other reports suggest that the 

maximum growth rates achievable by plasmid-bearing cells are limited by the 

metabolic drain of plasmid maintenance and expression of genes encoded by the 

plasmids (50, 51, 81). The increased growth ability of the plasmid-free cells 

affords them a competitive advantage that allows them to develop into a larger 

percentage of the total cell population. The mathematical models of 
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Lauffenburger (40) and Imanaka and Aiba (32) also support this prediction (i.e., 

a> 1). 

In contrast, Wouters et al. (78) found that pBR322 stability in E. coli K12 

cells was lost more slowly at higher growth rates. That is, a plasmid-free fraction 

of cells appeared earlier at low growth rates. In their experiments, they observed 

a lag period during which no instability was seen. At low growth rates, this period 

was abated. Deliberate addition of plasmid-free cells to the culture accelerated 

the rate of loss of stability. Although this observation supports the hypothesis that 

the increased competitiveness of the plasmid-free cells allows them to outgrow the 

cells that contain the plasmid, it does not explain why these researchers saw the 

development of instability more quickly at slower growth rates. They suggested 

that this observation could be explained by a nutrient (glucose or phosphate) 

concentration-dependent segregational instability. The use of a rich medium would 

lessen the competition between plasmid-bearing and plasmid-free cells by supplying 

the extra energy needed by the plasmid-bearing cells. In a poor medium, the 

competition would be more profound, especially at low growth rates where cells 

remain in the growth vessel for longer periods of time and cell concentrations are 

higher (30, see Continuous Culture of Bacteria below). The effect of competition 

would be less consequential under conditions of increased dilution (growth) rates 

for which the residence times are shorter and cell concentrations are lower. 

Noack et al. (49) made observations similar to those of Wouters et al. (78); 

they noted that pBR325 was unstable in two genetically distinct E. coli strains 

9



when grown under the conditions of limiting carbon (glucose). The rate of 

instability appearance was increased by decreased dilution (growth) rates. 

However, they also noted that the rate of appearance of instability increased with 

increasing growth rates when nitrogen (ammonium chloride) was limiting. They 

attributed this finding to be dependent upon the nature of the limiting nutrient. 

Glucose- or phosphate- limitation directly affect DNA replication by starving the 

cell of energy. Since DNA replication is energy intensive, differences in growth 

abilities between plasmid-free and plasmid-bearing cells becomes more important. 

Limiting nitrogen more specifically affects protein synthesis. In this situation, the 

additional energy needed by the plasmid-bearing cells is not a limiting factor; both 

plasmid-free and plasmid-bearing cells are limited in growth to a similar degree. 

Under conditions of nitrogen limitation, differences in @ become more apparent 

as cells approach their maximum growth rates, where the burden of plasmid 

maintenance hinders the growth of the plasmid-bearing cells. 

Plasmid Size. 

Bron and Luxen (9) examined the size-dependent stability of plasmids using 

inserts of various sizes from various sources. They found that regardless of insert 

origin, increasing insert size was inversely proportional to stability in B. subtilis. 

However, they also reported that these same plasmids were stable in E. coli, 

illustrating the point that plasmid stability is also host dependent. These authors 

offered several suggestions for the observed instability in B. subtilis. In addition 

to differential growth rates between plasmid-bearing and plasmid-free cells they 

10



postulated that the size-dependent instability may be affected by disruption of a 

membrane binding function or a partitioning function, or the development of 

unstable high-molecular-weight (HMW) multimeric forms of the larger plasmids. 

These functions will be discussed separately in this review. In a later work from 

the same laboratory, Bron et al. (11) investigated size-dependent instability with 

a different family of plasmids. They found that plasmids larger than 10 kb were 

maintained in only 10% of the cells after 20 generations. Plasmids based on the 

entire pUB110 replicon were stable when their sizes were less than 7.0 kb. A 9.9 

kb plasmid of this nature was unstable (found in only 10% of the population after 

60 generations). Similarly-sized plasmids based on pUB110 with deleted regions 

of membrane binding were proportionally less stable than their membrane binding 

region-containing counterparts. In both studies, they determined that a size- 

dependent reduction of plasmid copy number existed. During random segregation, 

fewer copies of a plasmid allows for a greater possibility that no copies will 

migrate into one of the daughter cells. 

Zund and Lebek (81) isolated over 100 wild R plasmids of various sizes 

from enteric bacteria and transformed them into a standard E. coli host to study 

size dependent stability. They found that most of the plasmids over 80 kb 

increased the generation time of these strains, while the majority of smaller 

plasmids did not. They attributed this increase to the burden of increased 

synthesis of plasmid encoded products. 
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Plasmid Multimer Formation. 

Although Bron and Luxen (9) considered multimer formation as only a 

minor reason for the instability they observed, other researchers have found this 

factor to be important. Summers and Sheratt (64) found that derivatives of the 

E. coli ColE1 plasmid were less stable in E. coli than was the intact parent 

plasmid. They also noticed that the instability of derivatives was proportional to 

the amount of HMW multimer DNA isolated from the cells. A _ plausible 

explanation for this observation can be based on the premise that all plasmid 

copies included in a single multimer molecule must segregate into a single 

daughter cell. At a constant replication rate, the formation of multimers increases 

the chances of segregation, and therefore instability. They attributed multimer 

formation to the absence of a 0.38 kb segment of ColE1 which, when cloned back 

into the unstable forms, restored stability and reduced multimer formation. 

Conversely, Gruss and Ehrilch (28) induced the formation of HMW multimers in 

Gram positive hosts and found no segregational instability. 

DNA Sequences that Bind the Host Cell Membrane. 

Bron et al. (11) examined the effects of deleting two regions of known B. 

subtilis membrane-binding affinity (65) from pUB110-based recombinant plasmids. 

They found that deletion of one region, BA3, resulted in the accumulation of 

single stranded plasmid DNA and plasmid instability. They also suggested that 

other stability functions were located in another membrane binding region, BA4. 

Deletion of these regions enhanced size-dependent instability. Taylor and Burke 
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noted (67) instability in B. sphaericus 1593 of a recombinant pUB110 construct 

(pLDT117) lacking the BA4 region and of a pBC16-derived plasmid (pLDT105) 

which lacked the pBC16 region analogous to the BA4 region of the closely related 

pUB110 (55). Thal and Burke (69) described the stability in B. sphaericus 2362 

of two plasmids of similar construction which differed in placement of the insert. 

At late log phase, the plasmid which contained the insert in the BA4 region was 

less stable than the plasmid with the same insert located outside of the BA4 

region. 

Tanaka and Seuoka (65) site numerous examples of reports linking 

membrane binding with replication forks, replication origins (chromosomal and 

episomal), and replication termini of various organisms. In their studies of 

membrane binding sites in B. subtilis these researchers described two kinds of 

membrane binding activity. The first (type-I binding) is high salt concentration 

resistant and dependent upon the presence of the dna-1 gene product. This type 

of binding was found in membrane binding regions located near the origin of 

replication in the plasmid. Type-II binding, characteristic of the BA3 and BA4 

regions, is sensitive to high salt concentrations and independent of the presence 

of the dna-1 product. 

Partitioning Loct. 

The partitioning function, first described by Meacock and Cohen (45), was 

mapped to a cis-acting locus that conferred accurate plasmid segregation during 

cell division. This region, par, from the E. coli plasmid pSC101 is able to rescue 

13



some unstable plasmids when in the cis configuration, but not in trans (45). It is 

not essential for plasmid replication though it may enhance it (41). Meacock and 

Cohen (45) reported that par is not involved in plasmid incompatibility, i.e., two 

distinct plasmids containing this region do not compete for stable maintenance in 

the cell. Later work from this laboratory (72) suggests that this region is needed 

in its entirety to confer Cmp* (the ability to compete with plasmids containing the 

entire replicon). The par locus does not appear to contain any transcriptional or 

translational start sites (45, 41). Its mechanism of action is not known, but may 

be associated with its ability to form secondary, intra-stand structures (46). 

Recently, this site has been shown to be a gyrase-binding region (47). Because 

gyrase is involved in initiation of chromosomal DNA replication, this attribute of 

par has been suggested to be important in its mechanism. 

The presence of par-like loci has been reported or suggested in other 

organisms. Bron et al. (10) and Chang et al. (13) reported a cis-acting fragment 

of the B. subtilis plasmid pLS11 (a.k.a. pTA1060), involved in partitioning. Kurusu 

et al. (38) describe a similar function from a region of a Brevibacterium plasmid 

in B. flavum and Corynebacterium glutamicum. These authors related that these 

regions have no apparent transcriptional or translational signals, and they are 

probably orientation dependent. Additionally, they reported no homology among 

the par regions from these different bacteria. 
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Other Factors Affecting Stability. 

In studies where the extent of displacement by plasmid-free cells was 

examined (48, 71, 78) a basal level of plasmid-bearing cells persisted throughout 

these experiments. Wouters et al. (78) proposed that this finding was merely an 

artifact of the continuous culture method. They argued that cells could stick to 

the sides of the vessel. Plasmids in these non-dividing cells would not undergo 

segregation. Eventually, these cells could be washed back into the medium. 

Naglich et al. (48, 71) suggested that direct contact conjugation may occur at rates 

high enough to prevent complete curing of the culture. A similar suggestion was 

made by Wang et al. (74) who reported an oscillation in the percentage of exotic 

plasmid-bearing cells throughout extended culture. In this experiment, two strains 

of bacteria were used. A donor strain that was completely stable was used to 

transfer a foreign plasmid into a recipient strain, whose percentage of plasmid- 

bearing cells undulated within a range over time. 

A very strong promoter introduced into a plasmid has been shown to 

occlude other genes essential for plasmid maintenance (51). That is, read through 

from the promoter can interfere with transcription initiation at replication- 

associated regions. 

Another possible reason for observed plasmid instability was considered by 

Chiang and Bremer (17). Although they attributed the low effectiveness of 

random partitioning to be the primary cause for the drop in the percentage of 

cells containing the plasmid, they reported that the length of time that a culture 
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spent in stationary phase was inversely proportional to the observed stability in 

cells resulting from that culture. These workers speculated that a loss of viability 

occurred during stationary phase, due to DNA damage on the chromosome. They 

reasoned that repair of this damage is hindered by the presence of plasmids in the 

cell. Therefore, plasmid-bearing cells would lose viability during stationary 

incubation to a greater degree than would plasmid-free cells. 

Structural Instability 

Two common causes for structural instability are the formation of 

spontaneous deletions and insertion sequence (IS) or transposon mediated 

alterations (50). Spontaneous deletions are often caused by the presence of base 

pair direct repeats in the parent DNA (51) or multiple tandem promoters (50). 

Recombination can occur between direct repeats with the excision of the region 

located within the repeated regions. Transposons can move from the chromosome 

to plasmids causing insertions. When these sequences are located on the parent 

plasmid, they may cause inversions, deletions, or rearrangements. 

Strategies for Reducing Instability 

In the laboratory, the most common way to prevent segregational plasmid 

loss is by the selective pressure of antibiotics. _Plasmid-encoded antibiotic 

resistance, enables cells containing the plasmid to grow in media containing the 

antibiotic, while those which lack the plasmid cannot. As noted in the 

introduction, this strategy is not feasible on a large scale due to the expense of 
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purchasing and disposing of these drugs. Other methods have been developed 

which enhance plasmid stability in the absence of antibiotics. 

Selective methods, analogous to antibiotic selection, have been used in 

which the host cell is auxotrophic for some nutrient (26, 62). Complementation 

of this defect in the host can be conferred by gene(s) on the plasmid. Rosteck 

and Hershburger (56) described the use of a host bacterium harboring a lysogenic 

lambda phage. The gene for the lambda repressor protein, needed to prevent 

induction of the lytic cycle, was mutated on the chromosome and complemented 

by a plasmid-encoded coded copy. Since cells which lost the plasmid, and 

therefore the repressor, would lyse due to phage replication, a stable, plasmid- 

bearing culture was maintained. 

Non-selective methods for plasmid maintenance have also been used. Such 

strategies include the incorporation of a par locus (described above) and control 

of the copy number or gene expression via inducible promoters (26). These latter 

methods have industrial applications where expression of a desired product is more 

important than the actual stability of the plasmid. In hosts where plasmids 

segregate randomly, the stability is a function of the copy number of the plasmid. 

However, increased copy numbers can cause a metabolic drain on such cells, 

especially when gene products are being expressed. By keeping plasmid copy 

number and/or gene expression low during the early stages of growth, while 

nutrients are plentiful, competition between plasmid-bearing and plasmid-free cells 

is a less important factor. During the final stages of the fermentation, plasmid 
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replication (or desired product gene transcription) can be turned on by placing 

replication functions (or the desired product genes) under the control of an 

inducible promoter, affecting a gene dosage increase (or enhanced gene 

expression). 

pUB110 and Derived Plasmids 

PUB110. 

pUB110 is a 4548 base pair plasmid (Fig 1) isolated from Staphylococcus 

aureus (39). This plasmid is one of a group of related plasmids found in S. aureus 

and soil bacilli (29, 54, 55). Sequence analysis of pUB110 revealed five open 

reading frames (ORF) (43, 44), including a neomycin resistance gene. The 

product of this gene is a nucleotidyl transferase that confers neomycin and 

kanamycin resistance upon the host (58, 39). This plasmid is maintained at a high 

copy number (about 30-50 copies per chromosome, [35, 43]) and is able to 

replicate in a variety of Gram positive hosts (28, 33). The wide host range and 

the ability to clone active fragments into pUB110 (35, 67) make this plasmid an 

attractive vector choice for transforming Gram positive organisms. 

PLDT103 and pLDT117. 

Plasmids pLDT103 (Fig 2) and pLDT117 (Fig 3) were constructed by 

Taylor and Burke (67) using pUB110 and the TOL plasmid gene, xy/E, from 

Pseudomonas putida. This gene encodes catechol 2,3-dioxygenase which cleaves 

catechol, a colorless substance, into a yellow, semialdehyde product. Colonies 

expressing this enzyme become yellow upon exposure to a catechol solution. 
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Figure 1. Plasmid Map of pUB110. This cloning vector, native to Staphylococcus 

aureus, contains a gene for kanamycin (or neomycin) resistance. BA sites are 
regions of cell membrane binding in Bacillus subtilis. 
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Figure 2. Plasmid Map of pLDT103. This plasmid was constructed by ligating a 

3.1 kb region of Pseudomonas putida plasmid DNA, containing the xylE gene, into 
pUB110’s unique BamHI site. This plasmid uses the pUB110 origin of replication 
and carries a neomycin resistance marker. 
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Figure 3. Plasmid Map of pLDT117. This plasmid was constructed using pUB110 
which had been double digested with BamHI/EcoRI. The small (0.79 kb) region 
of pUB110 containing the BA4 region was lost and a 5.6 kb region of 
Pseudomonas putida DNA was ligated into its place. The new construct carries 
the xy/E, ampicillin resistance, and neomycin resistance genes. 
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pLDT103 was constructed by cleaving pUB110 with BamHI and ligating a 3.1 kb 

BamHI fragment containing xy/E into the plasmid. The resulting construct is 7.6 

kb in length. To construct pLDT117, Taylor and Burke ligated a 5.7 kb BamHI- 

EcoRI fragment into pUB110 which had been digested with these two 

endonucleases. A 788 bp region, including the BA4 binding region (Fig 1) of 

pUB110 was deleted in the construction of the 9.3 kb pLDT117. 

PTST112 and pTST130. 

pTST112 (Fig 4) and pTST130 (Fig 5) are similar plasmids, constructed by 

Thal and Burke (69) using pUB110 and the amyR2-amylase allele of B. subtilis 

(76). This marker gene consists of the B. subtilis hyperpromoter, amyR2, linked 

to the amyE gene from the same organism. The expression of amylase is easily 

detected by a zone of clearing around colonies on media containing starch. 

pIST112 was constructed by digesting pUB110 and pAR2 (containing the 

amylase gene and promoter) with BamHI and Xbal, and ligating the two digests. 

This construct was formed by the insertion of the 3.45 kb pAR2 segment 

containing the marker into pUB110 with the deletion of the small BamHI-Xbal 

fragment found in the BA4 membrane binding region (Fig 1). The pTST130 

plasmid was constructed by treating the 3.45 kb pAR2 digestion (above) with mung 

bean nuclease to blunt the ends of the BamHI-Xbal fragments. This DNA was 

ligated into pUB110 which had been cleaved at its unique Pvul site. 
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Figure 4. Plasmid Map of pTST112. This plasmid was constructed by ligating the 

Bacillus subtilis amyE gene (with a strong B. subtilis promoter) into pUB110 which 
had been digested with BamHI and Xbal, with loss of a portion of the BA4 
membrane binding region. 
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pTST130 

  
Figure 5. Plasmid Map of pTST130. This plasmid was constructed by ligating the 

Bacillus subtilis amyE gene (with a strong B. subtilis promoter) into the unique 
Pvull site of pUB110. 
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Continuous Culture 

The characteristics of continuous culture of microorganisms can be viewed 

in contrast to those of batch culture. Batch culture is the classical method for 

growing bacteria in broth, and is characterized by lag phase, exponential 

(logarithmic) phase, stationary phase, and death phase or sporulation. During 

continuous culture, the growth of the organisms is at a steady state of continual 

exponential growth where the organisms divide at a constant rate determined by 

the steady supply of fresh nutrients to the culture. 

The principles of continuous culture have been well documented (30, 31, 

68). A most common application of these principles is displayed in a device called 

a chemostat (Fig 6). It consists of a growth vessel with a culture volume v (L), 

into which fresh medium is pumped at a constant rate f (Lh’). An overflow outlet 

keeps the culture volume in the vessel constant. The dilution rate D, is defined 

as f/v (h’). That is, D is the number of culture volumes to pass through the 

vessel per hour. The average amount of time a particle (e.g., a cell) spends in 

the vessel is the mean residence time, determined by 1/D. Note that a non- 

dividing population of cells in the vessel would be diluted out as medium was 

constantly pumped into the vessel. However, an exponentially growing culture 

would continually divide, replacing cells that are washed out of the vessel. Since 

the rate at which cells grow yp, is determined by some limiting nutrient in the 

medium, supplied at a defined rate, the concentration of cells in the vessel is held 
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Figure 6. Diagram of Chemostat Apparatus. The chemostat used in this study 

consisted of a two liter fermentor vessel with a working volume of one liter. 
Sterile medium was pumped into the vessel via a set of peristaltic pumps. The 
flow rate of the medium was calibrated by diverting the flow into an inverted 10 
ml pipet. The regulated air flow was sterilized by two in line filters. Temperature 
in the vesse] was held constant using a heat sensor (thermistor) and a heating 
element. An impeller shaft with small holes near its bottom acted as both the 
air/medium inlet and the substrate for the impellers which kept the contents of the 
vesse] mixed. A sampling device allowed sterile removal of representative cells 
during the operation of the chemostat. 
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constant by consequence of their uniform growth rate and the regular loss due to 

overflow. This condition is called steady state. 

The steady state is self-regulating. When the cell culture concentration is 

low, nutrient concentrations are in excess, allowing the organisms to grow more 

quickly so that the concentration of the organisms increases. That is, for uw > D, 

the cell concentration rises. If the cell concentration is initially too high for the 

nutrient concentration to support growth, the cell population will decrease as fresh 

medium is pumped in and excess cells are removed via the overflow. So, for pu 

< D, cell concentrations decrease. After the limiting nutrient concentration rises 

enough to support growth, cell division resumes, again, limited by the D. Through 

these tenets, it is shown that at steady state, D = u. 

This self regulation is limited by the maximum growth rate (u,,,) of the 

organism. If D > u,,, the mean residence time (1/D) is less than the shortest 

possible generation time (1/,,,). Therefore, the cell concentration will decrease, 

theoretically, to zero. This condition is called wash out. 

It has been illustrated through these principles, that altered or contaminant 

cells will be selected, or deleted from the population. This selection is a necessary 

consequence of these postulates (68), assuming the following conditions: 7) D is 

constant; i) the original culture had achieved steady state before addition (or 

mutation) of the different cells; wz) both cell types use the limiting reagent for 

the original culture; iv) competition is the only interaction between the cell types; 

v) the culture is homogenous; and vi) the organisms adjust to the altered nutrient 
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concentrations without a significant lag period. Depending upon the growth rate 

kinetics at various limiting nutrient concentrations for each cell type, it may be 

possible to select either organism by changing the dilution rate. 

Another type of continuous culture device is a turbidostat. This apparatus 

uses a photodensimetric device to measure culture turbidity. The flow rate of the 

medium is controlled to maintain the turbidity at a constant value. If the turbidity 

increases above a desired level, the dilution rate is increased to dilute the 

concentration of cells. If the turbidity is too low, the dilution rate of nutrients is 

decreased (53). 

Spore Recycling in Mosquito Larvae 

Recycling of B. sphaericus spores occurs in mosquito larval cadavers. Upon 

the ingestion of B. sphaericus spores, the toxin-containing, parasporal crystals 

dissolve in the anterior midgut of the larva where they act on the epithelial cell 

layer (15), eventually killing the animal. The conditions in the cadaver gut support 

spore germination. The germinated spores grow vegetatively and eventually 

undergo another round of sporulation (14, 59) thus recycling the spore population 

in the larva. 

Seyler et al. (59) reported that plasmids may be lost from B. sphaericus 

populations during recycling. They suggested that, since the lysed products of 

killed larvae may be consumed by next generation larvae--leading to another round 

of spore recycling--plasmid instability may be amplified. 
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Materials and Methods 

Strains 

Five plasmid-containing strains of Bacillus sphaericus 2362 were used (Table 

1). Each strain carried either pUB110, one of two pUB110-based recombinant 

plasmids carrying the xy[E gene of Pseudomonas putida, or one of two pUB110- 

based plasmids containing the amyE gene of B. subtilis. The construction of the 

xylE recombinant plasmids, pLDT103 and pLDT117 has been described (67, see 

literature review). The construction of the amyE plasmids, pTST112 and pTST130, 

has been described by Thal and Burke (69). The neomycin resistance marker of 

pUB110 is expressed in all strains. The strains carrying the a-amylase gene 

express this enzyme. However, catechol dioxygenase is not expressed in 2362 

Strains from the xy/E gene carried by plasmids pLDT103 and pLDT117 (W. F. 

Burke, personal communication). All strains retained toxicity to mosquito larvae. 

Spore Stocks 

Spore suspensions were prepared by growing each strain in 50 ml NYSM 

broth (Difco nutrient broth, 0.05% yeast extract, 5 x 10° M MnCl, 7 x 10* M 

CaCl, and 1 x 10° M MgCl,) supplemented with 1.0 ug/ml neomycin sulfate. The 

cultures were incubated at 30°C, for 48 h with shaking (150 rpm). The cells were 

collected by centrifugation, and the pellets were washed and resuspended in 25 ml 

sterile distilled water. Spores were enumerated by plating, following heat 

treatment (80°C, 12 min) and brief sonication (1 min., at 35% maximum power, 

with the micro-tip probe of a Fisher Sonic Dismembrator, Model 300). Spore 

stocks were stored at 4°C for up to three months. 

29



Table 1. Strains and recombinant plasmids used in this study. 

  

  

Strain Plasmid (size) Source 

Bacillus sphaericus 2362 
parent this laboratory 
ASB13230 pUB110 (4.6 kb) (65) 
ASB13217-8 pLDT103 (7.6 kb) (65) 
ASB13231 pLDT103 (7.6 kb) (65) 
ASB13233 pLDT117 (9.3 kb) (65) 
ASB13370 pIST112 (6.5 kb) (67) 
ASB13381 pTST130 (6.5 kb) (67) 
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Larval Feeding and Recycling Assays 

One hundred and fifty to 200, 2nd-3rd instar, laboratory-reared larvae of 

Culex quinquefasciatus were placed in 200 ml autoclaved tap water. Spores of B. 

sphaericus were added to a final concentration of between 6.8 x 10° and 1.4 x 10° 

spores/ml. The larvae were allowed to feed at 22°C for 15 min and were collected 

by pouring the suspension through a fine mesh net. They were rinsed by dripping 

500-800 ml autoclaved tap water through the net and were suspended in 500 ml 

autoclaved tap water at 27°C. At intervals, 25 larvae were removed and homo- 

genized in 5 ml sterile distilled water using a ground glass tissue grinder. Aliquots 

(2 ml) were heat shocked (80°C, 12 min), diluted, and pour plated in NYSM 2% 

agar (NYSM plates). Duplicate experiments were performed as above except, 300 

larvae were suspended in 400 ml autoclaved tap water, and two 25-larva samples 

were removed at intervals. 

Neomycin Resistance Determination of Strains Carrying pUB110, pLDT103, or 

pLDT117 

Surface colonies were individually picked and transferred to both NYSM 

plates and NYSM, 5.0 pg/ml neomycin (NYSM-N) plates. After 12-18 hr 

incubation at 30°C, colonies which grew on NYSM but which failed to grow on 

NYSM-N were again transferred from the NYSM plates to NYSM and NYSM-N 

to confirm loss of neomycin resistance. 

Neomycin Resistance and Amylase Activity Determination of Strains with pTST112 

and pTST130 

Surface colonies were individually picked and transferred to both NYSM, 

2% (wh) cornstarch (NYSM-S) plates and NYSM-N plates. After 12-18 hr 

incubation at 30°C, colonies which grew on both plates and produced a zone of 
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clearing on the NYSM-S plates were considered to contain the intact plasmid. 

Colonies which grew on the NYSM-S plates only and did not produce a zone of 

clearing on these plates were considered to have lost the plasmid (segregational 

instability). Colonies which grew on both plates but failed to produce a zone of 

clearing on the NYSM-S plate were transferred from the NYSM-N plate to 

another set of NYSM-N and NYSM-GS plates to confirm structural instability. 

Plasmid Isolation and Electrophoresis 

To confirm plasmid loss, plasmid DNA was isolated from representative 

colonies which had lost neomycin resistance and/or amylase activity. The method 

of Battisti et al. (4), was used for isolation and electrophoresis of plasmids, with 

the following modifications. All volumes were reduced by 80%, the growth 

medium was NY broth (Difco nutrient broth, 0.05% yeast extract), and Pronase 

was not added to the 2 M Tris-HCl (pH 7.0) solution. Gels were run in 0.7% 

agarose at 70-90 volts, for 2-3 hr. See protocol on page 36. To differentiate 

covalently closed circular (CCC) DNA from other forms, the method of van den 

Hondel, et al. (73) was employed. Duplicate samples, one of which had been 

heated in a boiling water bath for 2 min. and quick cooled in an ice bath were 

loaded on the gel. The migration of CCC DNA is unaffected (i.e., the same in 

both lanes), whereas the migration of heated, non-CCC DNA is altered by the 

heat treatment. 

Mosquito Larva Toxicity Assays 

Culture tubes containing five ml of autoclaved tap water, three second- to 

third-instar larvae of Culex quinquefasciatus, and two drops of 10% sterilized 

brewer’s yeast were used to determine qualitatively the toxicity of bacterial cultures 
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to mosquito larvae. Sterile toothpicks were used to remove cells from a plate 

containing the sample bacteria. The toothpicks were dropped into the culture tubes 

and incubated at 27°C for 24 h. Tubes into which uninoculated toothpicks were 

deposited were used as controls. Toxic strains were considered to be those which 

killed all the larvae. 

Continuous Culture of Bacteria 

Overnight starter cultures were grown with shaking (150 rpm) in culture 

tubes at 30°C in 5 ml NY broth (Difco nutrient broth, 0.05% yeast extract) 

supplemented with 1.0 ug/ml neomycin sulfate (NY-N). Approximately 2 ml of 

these cultures was used to inoculate 50 ml of the same medium in 500 ml sidearm 

flasks which were incubated in the same manner. When the absorbance (660 nm) 

reached 0.2-0.5, 50 ml of this second culture was used to inoculate a chemostat 

(Multigen 2000 fermentor, New Brunswick Sci. Co., Edison NJ, set up for 

continuous culture [Fig 6]). When the absorbance in the chemostat reached 0.3- 

0.5, NYSM broth was pumped into the chemostat at a dilution rate of either 1.0 

h’ or 0.384 h*. These dilution rates correlate to generation times (G) of 42 min 

and 108 min respectively. The temperature was held constant at either 28°C or 

38°C, except that early experiments with 2362 [pUB110] and 2362 [pLDT103] were 

grown at either 28.5°C or 40°C. After approximately 40 generations of steady state 

growth, samples were taken. Steady state was considered to exist three mean 

residence times after the pumps were started. Total cell counts were made using 

a Petroff-Hausser Bacteria Counter (A. H. Thomas Co., Phil., PA). Spread plates 

for use in plasmid stability determinations were made on NYSM plates containing 
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0.1% (w/v) sodium pyruvate (NYSM-P). Enumeration of spores was performed 

as described for spore stocks. 

Batch Culture of Bacteria 

Overnight starter cultures were grown with shaking (150 rpm) in culture 

tubes at 30°C, in 5 ml NY (for the parent 2362) or NY-N (for all plasmid- 

containing strains). Two ml from these tubes were used to inoculate sterile tubes 

containing 5 ml of the same medium. Incubation was continued for 3 h. The 

cells were centrifuged, washed in room temperature NYSM broth and resuspended 

in the same medium. These cells were used to inoculate 50 ml NYSM broth in 

500 ml sidearm flasks. Absorbance readings (660 nm) were taken periodically. 

Samples were removed during mid-exponential growth, during early sporulation 

(terminal swelling of the cells), and after completion of sporulation. Each sample 

was diluted, spread on NYSM-P plates, and incubated 12-18 h at 30°C. These 

colonies were used for determination of plasmid stability. Total cell counts were 

made using a Petroff-Hausser Bacteria Counter. Spore counts were performed as 

described for spore stock enumeration. For experiments using ASB13370 and 

ASB13381 (amylase gene-bearing strains), samples were removed and stored at 4°C 

for assay of amylase production. 

Amylase Assay 

The assay used for amylase activity determination was a modification of the 

method of Bernfeld (7). The amount of reducing sugar liberated from soluble 

starch was measured spectrophotometrically. One unit was assigned as the amount 

of enzyme needed to liberate 1 ug reducing sugar in 6 min. Maltose was used as 

the standard. The protocol is described on page 37. 
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Protocols 

The protocols for plasmid isolation and electrophoresis, and quantitative 

amylase activity are detailed on the following pages. 
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Plasmid Isolation and Separation for Bacillus sphaericus 

This procedure is a modification of the Kado-Liu method. 

Solutions 
1. Growth medium: nutrient broth supplemented with 0.05% yeast 

extract, NY broth. 

2. E buffer: 0.04 M Tris, 0.002 M EDTA, 15% sucrose in sterile water. 

Adjust to pH 7.9 with glacial acetic acid. 
3. Lysis buffer: 0.05 M Tris, 15% sucrose---Stock. 

Before use, add to stock: 0.3% (w/v) SDS, 5% (v/v) 3 N NaOH. 
Mild heating may be required to dissolve SDS. Do not adjust pH. 
Sterile 2 M Tris adjusted to pH 7.0. 
Extraction solvent: phenol:chloroform in a 1:1 ratio. 
Agarose gel: 0.7% agarose (30 ml per mini-sub slab) in 1X 
electrophoresis buffer. 

7. Electrophoresis buffer: Prepare 5X TBE buffer (stock) as follows. 
0.445 M Tris, 10 mM EDTA, 0.445 M boric acid in distilled water. 

8. 6X Tracking dye: Few bromophenol blue crystals and either 20% 
sucrose or 15% ficoll. 

N
W
S
 

Cell Growth 

Inoculate each culture tube, containing 5 ml NY broth, from plate or slant. 
Incubate 12-15 h at 30°C with shaking (150 rpm). Pellet cells at 4400 x g 
(6000 rpm, small Beckman head), 10 min., in 15 ml tubes. Suspend in 200 
ul E buffer. 

Cell Lysis 
Add 400 ul lysis buffer to the cells in E buffer. Mix gently with wrist 
action. Place in 60°C water bath for 30 min. Mix gently once after 15 min. 
Cool by running water over bottoms of tubes. Add 100u1 2 M Tris, pH 7.0. 
Again, mix gently and incubate at 37°C for 20 min. 

Phenol Extraction 
Add 1.2 ml phenol-chloroform mix. Mix each tube mildly (wrist action) for 
about one minute. Centrifuge 15-25 min at 13,300 x g (10.5 krpm in small 
Beckman head). Remove aqueous layer being sure not to disturb the 
phenol-water interface. Do not be greedy as only 25 ul is needed for the 
gel. Store the aqueous phase in a sterile microfuge tube. 

Electrophoresis 
Prepare gel (0.7% agarose: 210 mg/30 ml 1xTBE buffer). Centrifuge 
samples in microcentrifuge for 1 min. at 13,500 x g. Mix 5 yl tracking dye 
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with 25 ul] DNA preparation on a piece of parafilm. Apply 25 ul to each 
well. Run at 60-80 volts until dye reaches the end of the gel (1-3 h). 

Solutions 

1 

Procedure 

1. 

Amylase Assay Procedure 

1.0% (w/v) starch solution: Add 1.0 g soluble potato starch to 15 
ml 0.02 M MOPS buffer (pH 7.0). Mix with 70 ml boiling MOPS 
buffer. Cool and q.s. to 100 ml with MOPS. 

1.0% 3,5-dinitrosalicylic acid: Dissolve 1.6 g NaOH to 60 m! H,O. 
Dissolve in 1.0 g 3,5-dinitrosalicylic acid. Add 30 g potassium sodium 
tartrate. After all reagents have dissolved, q.s. to 100 ml. 

Maltose solutions for standard curves: Dissolve 60 mg maltose in 10 
ml H,O. Prepare 1:2 dilutions, saving 2 ml of each concentration 
(6.0, 3.0, 1.5, 0.75, 0.375, 0.188, and 0.094 mg/ml). 

In duplicate, add 0.5 ml sample to 0.5 ml starch solution. Incubate 
at 25°C, 6 min. Stop reaction by adding 1.0 ml! dinitrosalicylic acid 
solution. 

In duplicate, add 1.0 ml dinitrosalicylic acid solution to 1 ml each 
standard. Include a blank, containing 1.0 ml starch solution and 1.0 
ml dinitrosalicylic acid solution. 

Place all tubes in a boiling water bath for 5 min. Dilute all tubes 
to 12 ml by adding 10 ml H,O. 

Read absorbance at 540 nm against the blank. One unit of amylase 
activity equals the amount of enzyme needed to liberate 1 yg 
reducing sugar in 6 min. 
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Results 

Recombinant B. sphaericus Strains 

Plasmid profiles were examined for all strains used in this study (Fig 7). 

The large cryptic plasmid, native to the parent strain 2362 was found to be 

present in only some of the strains harboring recombinant plasmids. Strains with 

plasmids pTST112 and pTST130 lacked the native plasmid. Also, ASB13217-8, 

one of two strains containing pLDT103 (not shown), lacked this large plasmid. 

The size of this large plasmid was estimated to be 180 kb by comparison with 

other large plasmids used as standards. The B. anthracis Weybridge A UM2 

plasmid, pXO1, determined by restriction fragment analysis to be 184.5 kb (C. B. 

Thorne, personal communication) was used along with the Mycobacterium avium 

LR25 plasmids, pLR3 (162 kb), pLR2 (27.6 kb), and pLR1 (17.2 kb). Sizes of the 

M. avium plasmids were determined by electron microscopy (19). Upon receipt 

of the B. sphaericus strains bearing recombinant plasmids, the entomocidal activity 

of each was assayed qualitatively. Each retained toxicity for second- to third- 

instar C. quinquefasciatus larvae. 

Recycling of B. sphaericus in Mosquito Larvae 

The results of this study support the earlier observations of spore recycling 

in mosquito larvae (14, 21)(Figs 8 and 9). Within 12 h after feeding on B. 

sphaericus spores, the number of heat resistant spores in the intoxicated larvae 

decreased by about 100 fold. Whether this decrease is due to spore germination 

only, or defecation and germination, is not known. The number of spores 

remained low for another 12 h, and during the next 48 h the spore count 

increased to 10° to 10° per larva. This result confirms the work of Charles and 
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Figure 8. Recycling of Foreign Plasmid-Bearing Strains of Bacillus sphaericus 2362 

in Mosquito Larvae. After feeding 15 min on a B. sphaericus spore suspension 
containing the indicated strain at a concentration of about 10° spores per ml, 

larvae were examined for their spore concentration over time post-feeding. Each 
point represents the average of two separate 25-larva samples. 
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Figure 7. Plasmid Profiles of the Strains Used in this Study. Lane 1, the parent 

strain, Bacillus sphaericus 2362; lane 2, 2362 [pUB110]; lane 3, 2362 [pLDT103]; 
lane 4, 2362 [pLDT117]; lane 5, covalently closed circular DNA standards; lane 
6, 2362. [pTST112]; lane 7, 2362 [pTST130]. A (lanes 1-4), the large (about 180 
kb) cryptic plasmid, native to 2362; B (lanes 1-4,5-6), chromosomal DNA; C (lane 

4), pLDT117 (9.3 kb); D (lane 3), pLDT103 (7.6 kb); E (lane 6), pTST112 and 
(lane 7), pTST130 (6.5 kb); F (lane 2), pUB110 (4.5 kb). 
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at a concentration of about 10° spores 

per ml, larvae were examined for their spore concentration over time post-feeding. 

2362 in Mosquito Larvae. 
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Each point represents the average of two 
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Nicolas (14) who saw a drop in spore concentration per larva of more than 99% 

during the first 24 h, and a subsequent increase to more than 10° spores per larva 

after 72 h. Some variation in spore numbers was observed between experiments, 

but in all cases the final spore concentration was at least 100 times higher than 

that of the lowest concentration. This observation indicates that the spores 

recovered after 72 or 96 h were newly formed, and therefore, not the same ones 

that were originally eaten by the larvae. Each curve in these figures represents 

the mean for recycling data from two experiments in which the larval age and 

sample time intervals were the same. 

Plasmid Stability Through Larval Recycling 

Plasmid stability following the recycling period was determined (Table 2). 

Of the colonies grown from spores recovered from cadavers following recycling, 

no loss of neomycin resistance (903 colonies tested in three experiments) was 

observed for B. sphaericus 2362 [pUB110]. 

Strain 2362 [pLDT103] was nearly as stable, retaining antibiotic resistance 

in 99.2% (n=1199) of the colonies examined through four separate experiments. 

pLDT117 proved to be less stable. In contrast to the spore stocks carrying 

pUB110 and pLDT103 which were found to be 100% neomycin resistant, two 

separately grown spore stocks of 2362 [pLDT117] gave rise to 87.5% (n=641) and 

88.9% (n=298) neomycin resistant colonies. In two separate experiments using the 

first of these two spore suspensions, an average of 68% of the colonies grown 

from these recycled spores retained neomycin-resistance (203 of 296 in the first 

experiment and 202 of 300 in the second experiment). Similarly, in two 

experiments using the second spore stock, 69.6% (n=270) and 66.4% (n=259) of 
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the colonies recovered from the larvae retained neomycin resistance. These 

findings represent an average 23% loss of resistance among those neomycin 

resistant spores fed to and recycled in the larvae. It is interesting to note that 

although bacteria used to prepare the spore stocks were grown in the presence 

of 1.0 pg/ml neomycin, about 12% of the resultant spores gave rise to non- 

resistant colonies. 

Similarly, the spore stock prepared from pTST112-containing cells (also 

grown in neomycin-containing medium) displayed some instability. Twenty-four 

percent (n=300) of the colonies assayed from this stock were neomycin-sensitive 

and amylase-negative. The neomycin-resistance of spores recovered from larvae 

which had been fed this spore stock decreased further. Of 900 colonies examined 

in three experiments, 50.2% retained neomycin resistance, encoded by the plasmid. 

This represents an additional 35% drop in stability among the pTST112-containing 

spores fed to the larvae. 

The other amylase-encoding plasmid, pTST130, was more stable. None of 

the 300 colonies tested from the spore stock had lost neomycin resistance or 

amylase activity. In two larval recycling experiments, an average of 95.7% of the 

spores tested were neomycin-resistant and therefore considered to retain the 

plasmid. 

Plasmid Stability Through Continuous Culture 

Plasmid stability was determined through continuous culture experiments 

and the results are summarized in Table 3. Segregational stabilities are shown as 

the percentage of colonies which remained neomycin-resistant after the indicated 

number of generations. The search for structurally unstable plasmids was carried 
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out by screening for colonies which were neomycin-resistant and amylase-negative. 

No colonies were found to contain structurally unstable plasmids. Representative 

colonies exhibiting loss of neomycin resistance were selected at random from each 

experiment and were examined for plasmid content. In all cases, those colonies 

which were no longer neomycin-resistant did not display the plasmid following 

agarose gel electrophoresis. 

The original plasmid, pUB110, proved to be stable under all growth 

conditions tested (Table 3). Plasmid pLDT103 also appeared to be stable. Two 

strains carrying this plasmid were examined, ASB13231 and ASB13217-8. The 

latter strain was found to lack the large, cryptic plasmid, characteristic of 2362. 

In both strains, pLDT103 was retained in greater than 97% of the colonies under 

all growth conditions. Results for pLDT117 indicated a slight instability after 

about 40 generations. Though never less than 93% stable, this plasmid exhibited 

some instability under each growth condition. Plasmid pTST112 segregational 

stability was shown to be similar to that of pLDT117. While in no case were 

more than eight percent of the colonies found to be plasmid-free, complete 

stability was not recorded for any set of conditions. The amyE-containing plasmid 

with the intact membrane binding site, pTST130, showed the greatest range in 

stability. At 28°C, growing at a generation time (G) of 108 min., B. sphaericus 

2362 containing this plasmid was completely stable. Of four attempts to grow 

strain 2362 [pTST130] at 28°C, G=42 min., only once did the turbidity remain 

constant for the duration of the experiment. Apparent wash out occurred as the 

turbidity dropped gradually from the time the medium pumps were turned on. 

Reasons for the inability of this strain to be maintained in the chemostat under 
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these growth conditions will be discussed later. The data reported for run number 

10130 represent findings for the single experiment in which the culture remained 

turbid. During the successful attempt, for which the organism did grow at 28°C, 

G=42 min., amylase activity and neomycin resistance were lost in 13.8% of the 

colonies tested. Except for this one questionable example of instability, pTST130 

exhibited approximately the same or slightly greater stability compared to pLDT117 

and pTST112. 

The percentage of sporulation in the chemostat was low, usually about 

0.3%, and the percentage of spores only once exceeded 5.4%. This aberration, 

in run number 10103, was probably an error in plating. This interpretation is 

supported by the observation that although the plate count indicated that nearly 

half the population existed as spores, microscopic observation failed to support this 

figure. 

The data summarized in Table 3 were obtained for all cells in the 

chemostat, both vegetative cells and the low number of spores. The stability of 

plasmids, pTST112 and pTST130, was determined for spores alone recovered from 

the chemostat under conditions of temp=28°C, G=108 min. The percentage of 

plasmid-bearing spores recovered from the pTST112 experiment was 18% less 

than found in the total cell population. However, the difference in pTST130 

stability between spores and total cells was only 1.4%. 

Plasmid Stability through Batch Culture 

To determine whether plasmid loss occurred at a particular point in the life 

cycle of B. sphaericus, organisms that exhibited plasmid instability through larval 

recycling (2362 [pLDT117] and 2362 [pTST112]) were grown in shaken flasks at 
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30°C and examined for plasmid stability at various points throughout the growth 

curve. Plasmid pLDT117 was retained during exponential growth, but about 15% 

of the colonies grown from resultant spores lacked neomycin resistance (Fig 10). 

Representatives of this group were examined for plasmid content using gel 

electrophoresis and shown to have lost pLDT117. Approximately the same 

percentage of plasmid loss (determined by neomycin resistance loss) was observed 

in spores whether the cells were grown with or without neomycin, and whether or 

not the spores were heat shocked (80°C, 12 min.) before plating to determine 

neomycin resistance (Fig 10). 

In two separate experiments, pTST112 was present (based on amylase 

activity and neomycin resistance) in about 85% of the cells taken from mid- 

exponential phase and early stationary phase (Fig 11). Stability among recovered 

spores dropped further, to an average 78%. Starter cultures for these experiments 

were grown in a neomycin-containing (1.0 ug/ml) medium, and therefore 100% of 

the these cells were considered to carry the plasmid. Later, an additional 

"inoculum" was prepared in the same manner as it had been prepared for these 

batch culture experiments. This culture was assayed for stability. Ten percent of 

these cells (n=300) were amylase-negative and neomycin-sensitive. Evidently, the 

concentration of neomycin used was not effective in killing some plasmid-free cells 

in the culture. Whether these cells were growing and resistant to this 

concentration of the antibiotic (i.e., ineffective bacteriocidal activity) or these cells 

were merely dormant in the presence of neomycin (bacteriostatic activity) is not 

known. 
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Figure 10. Plasmid pLDT117 Stability in Batch Culture with Various Neomycin 

Concentrations. Bacillus sphaericus 2362 was grown in shaken flasks containing 
nutrient broth and either 0.0, 0.5, or 1.0 ug/ml neomycin sulfate. Plasmid stability 

was determined (by presence of plasmid-encoded antibiotic resistance) for samples 
taken during exponential phase and stationary phase. Also, the stability was 
determined for cells recovered after 24 h. From these 24 h samples, both heat 
shocked (spores only) and non-heat shocked (predominantly spores) cell 
populations were examined. 
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Batch Culture in Non-Selective Medium. The percentage of plasmid bearing cells 
was determined for B. sphaericus 2362 [pTST112] at three points during the growth 
curve. Cells grown at 30°C with shaking (150 rpm) were sampled during mid- 
exponential phase, during stationary phase, and after sporulation (this final sample 
was heat shocked 12 min at 80°C to assure that only spores were assayed). These 
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Due to the difficulty encountered in growing 2362 [pTST130] in the 

chemostat, at high dilution rates, additional batch culture experiments were 

conducted with the parent 2362 and 2362 [pTST130] to determine the growth rates 

of these two strains. During the period for which cell division rate was greatest 

(from 3.0 to 4.5 h after inoculation), the parent strain 2362 had a generation time 

of about 33 min. During this same period, the strain carrying pTST130 was 

growing at G=43 min. (Fig 12). These generation times were derived from direct 

microscopic cell counts using a Petroff-Hauser counting chamber. Plasmid 

pIST130 remained stable through the growth curve. Of 300 colonies grown from 

spores recovered from batch culture after 24 h, 99% were neomycin-resistant and 

amylase-positive. These data agree with the larval recycling data where pTST130 

was stable in the spore stock fed to the larvae and in spores recovered from the 

larvae. 

Amylase activity was determined quantitatively throughout the growth curve 

for the parent B. sphaericus strain and the two amylase gene-bearing strains (Fig 

13). The parent strain, B. sphaericus 2362 is considered to be amylase negative 

and does not hydrolyze starch in starch agar plates. Strains containing pTST112 

and pTST130, both of which showed zones of hydrolysis on starch agar plates, had 

levels of amylase activity above that of the parent strain (Fig 13). During mid- 

exponential growth, the strain carrying pTST130 had levels of amylase activity 

about twice that of pTST112 and about five times that of the basal level parent. 

Amylase accumulated in the medium during growth in the plasmid-containing 

Strains, and by 28 h, supernatant from the 2362 [pTST130] culture had amylase 
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Figure 12. Direct Microscopic Counts through the Mid-Exponential Phase of 

Growth for Bacillus sphaericus 2362 and 2362 [pTST130]. Each culture was grown 
in NYSM broth at 30°C with shaking (150 rpm). Generation times were 
determined for these cultures at their maximum growth rates (hours 3:00 to 4:30 
post inoculation). 2362 [pTST130] reached a minimum generation time of 43 min. 
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Figure 13. Growth and a-Amylase Production by Bacillus sphaericus strains 2362, 

2362 [pTST112], and 2362 [pTST130]. Growth was measured by absorbance at 

660 nm in a Klett-Summerson photoelectric colorimeter equipped with a red filter. 
Samples were taken during mid-exponential phase (5 h), stationary phase (9 h), 
and after sporulation (28 h). Cells from these samples were assayed for plasmid 
stability (as determined by plasmid encoded neomycin resistance and starch 
hydrolysis). See text for stability results. The supernatant of these samples was 
assayed quantitatively for amylase activity (as determined by the production of 
reducing sugar). 
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activity five times that of 2362 [pTST112] and nearly 30 times that of the parent 

strain. 

Plasmid DNA Preparation and Electrophoresis 

Plasmid sizes were verified by comparison to a ladder of covalently closed 

circular DNA standards. Analysis of the plasmid content from representative 

samples of colonies which had lost the phenotypic characteristic(s) attributed to the 

plasmid (neomycin resistance and amylase activity) was performed. In all cases, 

loss of the phenotypic marker(s), correlated with loss of the plasmid. 
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Discussion 

Research by Taylor and Burke (66, 67) and Thal and Burke (69) has shown 

that B. sphaericus is capable of accepting the cloning vector pUB110 and 

recombinant plasmids constructed from this vector. Strains harboring these 

plasmids that were used in their research were obtained for this study. In this 

study, I have demonstrated that the ability of B. sphaericus to maintain these 

plasmids is dependent upon the structure of the plasmid and the conditions under 

which the bacteria are grown. 

Plasmid Stability through Spore Recycling in Mosquito Larvae 

The data reported here for the characteristics of spore recycling in mosquito 

larvae (Figs 8 and 9) is in agreement with that of earlier experiments by Davidson 

et al. (21), and Charles and Nicolas (14). Following ingestion of a toxic spore 

suspension, the number of spores recovered per larva was high (about 10°). The 

spore concentration dropped to between 10’ and 10* per larva over the next 12- 

24 h. Whether this drop was due to spore germination, defecation of the spores 

by the larva, or a combination of these events is not clear. During this 12-24 h 

period, post feeding, the larvae died. After 48-72 h, the number of spores found 

in the larvae rose to about 10° per larva, indicating that conditions in the larval 

cadavers can support sporulation of these bacteria. Thus, recycling of B. sphaericus 

spores in the larvae occurred. The spore concentrations after recycling 

(approximately 10° per larva) were similar to those reported by the earlier 

researchers. Charles and Nicolas (14) suggested that this number is the maximum 

number of spores capable of being contained in one Culex larva. Data from this 

study supports this suggestion, as spore concentrations remained at this level for 
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the duration of the experiments (four days). Demonstration of this recycling is 

encouraging for the use of B. sphaericus as a biological control agent. Because the 

cadavers containing these new, toxic spores can lyse to release the spores into the 

environment, recycling is a desirable trait that allows the bacteria to persist in 

mosquito-infested areas for longer periods of time. 

Plasmid stability varied among the strains of B. sphaericus 2362, and was 

plasmid-dependent. The basic vector, pUB110, was shown to be stable in this host 

throughout spore recycling in mosquito larva cadavers. The effect on stability of 

inserting the 3.1 kb xylE-containing fragment into the BamHI site (pLDT103) was 

minimal. Though pLDT103 was not completely stable (>99%), this plasmid 

showed similar stability to that of pUB110, indicating that small inserts into this 

region can be stably maintained. The instability of pLDT117 (23% loss through 

larval recycling) demonstrates that larger fragments which replace the BA4 region 

may result in plasmid loss after application of these bacteria into the environment. 

The advantage or disadvantage of this instability would be dependent upon the 

trait(s) encoded by the insert. For instance, loss of traits that allow more efficient 

manufacture of the bacteria would be of little consequence after the application 

of the organisms onto mosquito-infested waters. However, loss of traits that 

increase the entomopathic activity of the bacteria would lessen _larvicidal 

effectiveness with each round of recycling. Intentional design of plasmid instability 

could permit the loss of traits which might be undesirable in the environment. A 

comparison of the instability recorded for pLDT117 during spore recycling, with 

instability during growth in batch culture will be made later. 
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Examination of the stabilities of the amyE-containing plasmids through 

recycling showed that by placing this gene in the BA4 region, plasmid stability is 

severely compromised. While pTST130 (containing an intact BA4 region) was only 

slightly unstable (4% loss), pTST112 was lost from over 35% of the cells which 

contained this plasmid when the bacteria were fed to the larvae. 

From these experiments (Table 2), it appears that interruption of the BA4 

membrane binding region is a more significant factor in stable plasmid 

maintenance during spore recycling than is insert size. As an example, the larger 

pLDT103 (7.6 kb) was more stable than the BA4-compromised pTST112 (6.5 kb). 

Only those plasmids with interrupted BA4 regions exhibited less than 95% stability. 

The slightly lower stability of pTST130 compared to pLDT103 could be attributed 

to the nature of the insert or its location. Though no stability functions are known 

for either restriction site used to construct these plasmids, the possibility of site- 

dependent stability cannot be ruled out. Because the insert in pTST130 codes for 

a strongly expressed product, either the metabolic drain of producing the amylase 

or stearic hinderance of plasmid replication or segregation due to the presence of 

transcription apparatus may have affected pTST130’s stability. The expression of 

amylase by the pTST112-bearing strain, though not extensive (Fig 13), is a possible 

reason for the great instability shown by this strain. When comparing the 

construction of pTST112 to that of pLDT117, the former is both smaller, and 

missing a smaller section of the BA4 region. Despite these factors, pTST112 is 

less stable (Table 2). The growth rates of strains containing these plasmids did 

not appear to be hindered when compared to the parent 2362. If at all different 

from the parent, 2362 [pTST112] may have grown slightly faster (Fig 13). The 
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reason for this growth difference is unclear but might be related to the loss of the 

large native plasmid of 2362 in 2362 [pTST112]. 

Instability through recycling seemed to correlate with instability in the spore 

stocks fed to the larvae (Table 2). While all of the spores examined from the 

spore suspensions of 2362 [pUB110], 2362 [pLDT103], and 2362 [pTST 130] were 

found to retain antibiotic resistance associated with the plasmid, spores from stocks 

prepared from 2362 [pLDT117] and 2362 [pTST112] were shown to contain 

plasmid-free cells (Table 2). Broth cultures used to prepare spore stocks were 

grown in the presence of 1.0 ug/ml neomycin sulfate, a concentration sufficient to 

prohibit growth of the parent strain 2362. The ability of these bacteria to produce 

spores lacking the neomycin resistance trait is not understood. Perhaps during 

sporulation, the forespore is impermeable to neomycin, or a means for detoxifying 

the antibiotic exists. This enigma will be discussed later in the analysis of plasmid 

stability during batch culture. 

Plasmid Stability during Continuous Culture 

Since the objective of the chemostat study was to determine the stability of 

plasmids for use in an industrial situation, the number of generations required to 

grow a culture from an inoculum (in which selective pressure can be used) to the 

final volume and concentration typical at cell harvest was determined. To grow 

a 500 ml culture at a concentration of 10’ cells/ml to 50,000 liters with a 

concentration increase to 5 x 10° cells/ml requires a multiplication of the inoculum 

cell population by 5 x 10’. The number of vegetative generations (x) required to 

increase the cell population by 5 x 10’ times can be determined by: 5 x 10’ = 2% 

Under these conditions, the number of generations required is about 26. During 
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manufacture, the initial inoculum would be used to start a culture of about 10 

liters. After the concentration in the 10 liter vessel reaches 107-10* cells/ml, the 

contents of this vessel would be used to inoculate a larger vessel. Subsequent 

transfers would continue through the final fermentation vessel which would be 

grown until the bacteria exhaust the nutrient supply and complete the sporulation 

stage. This calculation of the number of generations supposes that all cells 

produced during each volume increase, from the inoculum to the final vessel size, 

are used. The approximately 40 generations of steady state growth in non- 

selective medium examined for each set of conditions in this study is ample to 

fulfill the objective of this investigation. Steady state was considered to be 

achieved after three mean residence times, post-inoculation. Although the values 

shown in Table 3 represent data for individual experiments, the similarity in results 

for each strain, regardless of temperature and dilution rate changes, permit the 

consideration of each set of parameters as a repetition of stability analysis for each 

plasmid. 

Compared to the stability recorded for recycled spores, stability of 

continuously growing vegetative cells were overall higher. Again, the basic vector 

(pUB110) was extremely stable, as was pLDT103. However, in contrast to the 

results obtained from the mosquito larval study, the plasmids with the interrupted 

BA4 regions (pLDT117 and pTST130) were also quite stable. Results for plasmid 

pIST130 grown at the highest dilution rate (1.0 h") may not be completely reliable 

due to the difficulties in achieving steady state with this organism under these 

conditions. However, data obtained for this plasmid when the strain was grown 
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at the lower dilution rate (0.384 h") indicate that, at this dilution rate, pTST130 

is quite stable. 

The data obtained with 2362 [pLDT103] showed that pUB110 with a small 

insert at its BamHI site remained stable in B. sphaericus 2362 after 40 generations 

of vegetative growth. This stability was seen whether or not the 2362 native 

plasmid was present. The reason for the absence of the large native plasmid from 

ASB13217-8 is not known, but stability of pLDT103 was not affected. 

In the chemostat, only a slight instability was detected for plasmid 

pLDT117. Though never 100%, the stability of this strain was never found to be 

less than 93%. This observation means that in an industrial setting some 

percentage of the bacteria produced may lack the characteristic(s) encoded for by 

the plasmid. If the gene on the plasmid encoded a product that increased the 

growth rate of the bacteria during manufacture, then the plasmid-free cells might 

be out competed, and this small instability would not be very important. If the 

plasmid carried genes involved in increased larvicidal activity, a possibly significant 

population of less effective cells could exist in the manufacturing vessel. Of 

course, the particular DNA fragment inserted into pUB110 in this manner might 

affect its stability differently, but the possibility exists that a recombinant plasmid 

constructed by excising the BA4 region may be effectively stable through extended 

vegetative growth. 

The data obtained for plasmid pTST112 are similar to those of pLDT117. 

Both of these plasmids have incomplete or missing BA4 regions, and both 

appeared to be retained in greater than 90% of the cells during continuous 

culture. As in the larval cadaver studies, the stability of pTST112 was slightly less 
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than that of pLDT117. Here too, the reasons may be associated with the 

expression of amylase from pTST112, or physical limitations brought on by the 

nature of the insert. The stabilities recorded for this plasmid when the strain was 

grown at 38°C were slightly lower than those recorded for growth at 28°C though 

a drop from 99 or 97% to 92 or 94% may not be significant. Since it is possible 

that the ratio in growth rates between the parent and this fast growing, plasmid- 

bearing strain is less than one, the possibility that continuous culture selects for 

plasmid-bearing cells cannot be excluded. 

In addition to the examination of vegetative cells of the amylase-producing 

strains of 2362, samples of the small populations of spores recovered from the 

chemostat were also assayed. In contrast to the 99% stability recorded for the 

total cell population of 2362 [pTST112] cells growing at 28°C with a dilution rate 

of 0.384 h", only 81% of the heat stable spores produced under these conditions 

contained the plasmid. During this chemostat experiment, spores were calculated 

to have constituted only 0.3% of the total population and therefore might not have 

been included in the sample of 300 colonies taken from the total population 

during examination of plasmid stability. This observation suggests that plasmid loss 

occurs more frequently during sporulation (or subsequent germination) than during 

vegetative growth in 2362 [pTST112] cells. This interesting observation is not well 

understood but will be elaborated upon in the discussion of stability throughout 

the growth curve in shaken flask culture. 

Unlike the other strains, stabilities shown for 2362 [pTST130] were 

somewhat less consistent among the various parameters examined. When grown 

at a dilution rate of 0.384 h’, stability was high (99.7-100%). When the dilution 
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rate was set at 1.0 h’, the results were variable and may be unreliable due to 

changing turbidity in the chemostat. Variation in turbidity is confirmation that the 

cells are not in steady state. Decreasing turbidity during several attempts to grow 

this strain at Temp=28°C, D=1.0 h* (Experiment Number 10130 displayed, Table 

3) makes these stability values questionable. One hypothesis for why these erratic 

observations occurred is that the maximum growth rate achievable by this strain 

in this medium is close to the dilution rate (1.0 h’). Possibly, the dilution rate in 

the experiments with decreasing turbidity was sightly above the maximum growth 

rate. If so, the observed loss of turbidity was caused by washout. In the presence 

of even a small population of plasmid-free (parent) cells, supplying medium at a 

rate beyond the growth ability of the plasmid-bearing strain (but at a rate 

attainable by the parent), would exaggerate the instability. To examine this 

hypothesis, the growth rates in batch culture during early- to mid- exponential 

phase were examined. Figure 12 shows growth curves for cultures of 2362 and 

2362 [pTST130] in shake flasks during the period of most rapid growth when 

nutrients should not be limiting. From points on these curves, the generation 

times for these organisms were calculated. In support of the above hypothesis, it 

was shown that the minimum generation time for 2362 [pTST130] in a shaken 

flask under these conditions was about 43 min. This value is very close to the 

generation time required for growth in the chemostat when the dilution rate is 1.0 

h*. Since the accuracy of the pump flow rate measurement apparatus is only 

within +/- 0.012 liters per hour, errors in determining the dilution rate and small 

fluctuations in the pump speed could account for the inconsistent ability of 2362 

[pTST130] to maintain turbidity in the chemostat. 
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The erratic turbidity observations could be accounted for by a plasmid 

which has a low possibility of failing to divide and segregate into each of the 

daughter cells during cell division (p value close to zero) and a greatly inhibited 

growth rate compared to the parent (i.e, @>>1). Strains with such a plasmid 

would seldom exhibit instability but would become plasmid-free at a high rate in 

the rare case that a failure in proper segregation did occur. 

Examination of the stability of 2362 [pTST130] spores recovered from the 

chemostat revealed a contrast between these spores and spores of 2362 [pTST112] 

grown under the same conditions (Temp=28°C, G=108 min.). Stabilities for total 

cells of each strain were high (99.0% and 99.7% respectively). However, amylase 

production and neomycin resistance among cells grown from 2362 [pTST112] 

spores was only 80.9%, while 98.3% of the cells from 2362 [pTST130] spores 

retained these characteristics. These data suggest that placement of the amyE 

gene into the BA4 region of pUB110, compared to ligation into the PvuII site, 

decreases stability. When viewed with the results of the mosquito larvae 

experiments, in which the stability after successive cycles of sporulation were 

examined, these findings help strengthen the notion that instability may be 

associated with sporulation. 

Plasmid Stability throughout the Growth Curve in Shaken Flasks 

Since plasmid stabilities of cultures of 2362 [pLDT117] and 2362 [pTST112] 

were greater for vegetative cells taken from the chemostat than for spores isolated 

from any source (chemostat, larval cadavers, or spore stocks), shaken flask 

experiments were performed to discern if instability could be attributed to a 

particular stage of growth. This analysis was also carried out with 2362 [PTST130], 
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a strain in which the plasmid appeared quite stable in the chemostat, in spore 

stocks, as well as during recycling in larvae. Following growth of 2362 [pTST130] 

in a shaken flask at 30°C, no instability was detected in the final sample (spores) 

taken after 24 h (data not shown). As a result, stability analysis of earlier samples 

was not performed. Therefore, in batch culture, pTST130 appeared stable 

throughout the entire growth cycle. 

Stability analysis for the strain carrying pLDT117 showed that this organism 

retained the plasmid in about 85-90% of the heat stable spores recovered after 24 

h. (Fig 10). Cells examined from late logarithmic phase (determined 

microscopically by the onset of terminal swelling) were 100% stable. This data is 

consistent with the results of chemostat and larval cadaver studies which showed 

that pLDT117 was stable during vegetative growth but showed some instability in 

colonies grown from spores. Evidently, loss of this plasmid occurs more readily 

during sporulation or during germination of the recovered spores. Whether this 

phenomenon is due to the interruption in the BA4 binding site or the size (9.3 kb) 

of this construct is not entirely clear. 

The observed instability of the smaller plasmid lacking an intact BA4 site, 

pIST112 (6.5 kb), in spore samples (Fig 11) invites the suggestion that the BA4 

binding site may be more important than plasmid size for stability during 

sporulation. Additionally, the chemostat data for this strain support this 

suggestion, as little instability was observed after 40 generations of vegetative 

growth (Table 3). However, batch culture experiments for this strain (Fig 11) did 

not clarify the assertion. After sporulation, an average of about 78% of the 

recovered heat stable spores retained the characteristics carried by the plasmid. 
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However, during mid-exponential and late exponential (or early stationary) phases, 

this strain retained amylase activity and neomycin resistance in only about 85% of 

the colonies examined. While there was a drop in stability after sporulation, this 

drop was small in comparison with the 15% instability exhibited during mid 

logarithmic phase. In a separate experiment, an inoculum tube (5 ml NY-N 

broth) was grown in the same manner as those prepared for the batch culture 

growth curve experiments. It was shown that only 90% of these cells were 

amylase-positive and neomycin-resistant. It appears that the neomycin 

concentration (1.0 g/ml) used to select for plasmid-bearing cells was not effective 

in killing all cells lacking the plasmid. This observation is puzzling in that the 

parent 2362 failed to grow in the same medium containing half this concentration 

of neomycin (0.5 ug/ml) (data not shown). Perhaps cells which have lost the 

plasmid due to segregational instability are not immediately killed by the neomycin 

and are recovered alive from the antibiotic-containing broth. This occurrence 

might be possible if enough nucleotidyl transferase (neomycin resistance enzyme) 

is present in the cell after division. If so, when these cells are plated onto 

selective and non-selective media, their neomycin sensitivity would be revealed. 

From chemostat and larval recycling data, it appears that instability of pTST112 

occurs more often during sporulation, however, in shaken flask experiments some 

instability was found during vegetative growth. 

This instability during vegetative growth in batch culture (15% loss) (Fig 

10), unique to pTST112, was in contrast to the 3% instability of 2362 [pTST112] 

cells grown under similar conditions for 40 generations in the chemostat (Table 

3). The inocula for both of these cultures was grown in the presence of 1.0 pg/ml 
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neomycin sulfate, an amount sufficient to inhibit growth of the parent strain (data 

not shown). Differences between the constant growth conditions in the chemostat 

and the continuously changing environment of batch culture prevent a direct 

comparison of the results. A possible reason for the discrepancy between stability 

in chemostat-grown and flask-grown vegetative cells may be related to a difference 

in growth rates between the parent 2362 and the plasmid-bearing strain. However, 

this explanation would require the unusual situation that the pTST112-bearing 

strain have the growth advantage over the parent. If such a growth advantage did 

exist, the population of plasmid-bearing cells would have predominated in the 

chemostat since the organism which makes more efficient use of the limiting 

nutrient is selected. This condition would result in 2362 [pTST112] overgrowing 

the cells that had lost pTST112 and mask the loss of the plasmid. In the few 

generations that elapse in a batch culture, the faster growing, plasmid-bearing cells 

would not have an opportunity to outgrow the cured cells, and no increase in 

stability would have been noticed. It is unlikely that a faster growth rate among 

pIST112-containing cells accounts for the observed difference in stability between 

chemostat and batch culture grown vegetative cells. Not only did the medium in 

which this strain was grown lack starch (the substrate of the plasmid encoded gene 

product), if starch had been present, this organism could not have metabolized the 

resulting glucose (57) of the starch hydrolysis. Thus, the reason for the difference 

in stability between the growth conditions remains unclear. 

Since not only plasmid stability but expression of the cloned genes is 

important, a quantitative examination of amylase activity was made for 2362 

[pTST112], 2362 [pTST130], and the parent (Fig. 13). The strain harboring 

67



pIST130 was shown to produce extracellular amylase at a greater rate than 2362 

[pI'ST112] or the parent. Amylase levels found in the medium after sporulation 

were about five times higher for 2362 [pTST130] than for 2362 [pTST112]. This 

difference could not be accounted for merely by the difference in stability between 

the two plasmids. Since the size and nucleotide sequence of the amyE insert, 

including the promoter, is the same for both plasmids, it appears that the manner 

of placement of the gene in the vector is important in the expression of this gene 

product. It is possible that in an attempt by the plasmid to bind the membrane 

at what remains of the BA4 binding site on pTST112, promoter activity is hindered 

upstream from the amylase gene. 

Structural Instability 

In this study, strains carrying pIST plasmids with both the amylase gene 

and the neomycin resistance gene were examined for loss of amylase activity but 

retention of neomycin resistance. Such observations would have indicated that the 

amyE gene insert was lost while the rest of the plasmid was retained. No such 

strains were found. Because genes may move from plasmids to the chromosome, 

this method of screening does not preclude the possibility that this type of 

instability occurred. However, reports of structural instability have been associated 

with DNA segments flanked by direct repeats, or within insertion sequences. Such 

sequences are not present in the plasmids examined here and the likelihood of 

structural instability is therefore low. 

Summary 

From the examination of plasmid stability in these strains of B. sphaericus 

2362, it is clear that the plasmid cloning vector, pUB110 is quite stable under all 
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conditions examined. Data for pLDT103 indicate that a small (3.1 kb) insert at 

pUB110’s unique BamHI restriction site can be stably maintained during both 

vegetative growth and sporulation. Plasmid pLDT103 instability was noted in only 

a few colonies during recycling of spores through larval cadavers. Because the 

marker gene, xy[E, was not expressed in this organism, nor in 2362 [pLDT117], 

structural instability could not be examined in these strains. In contrast to the 

high levels of stability for pUB110 and pLDT103, plasmid pLDT117 displayed a 

decreased ability to be maintained in 2362, most notably during sporulation of the 

bacteria. Strain 2362 [pLDT117] did appear to be more stable (>93% plasmid 

retention) during vegetative growth. The cause of the pLDT117 instability may 

have been due to the larger DNA insert, the modified BA4 membrane binding 

site, or a combination of these factors. 

The possibility that instability was due to an interrupted BA4 membrane 

binding site was supported following the examination of two other plasmids, 

pIST112 and pTST130, which contain the same amyE insert. The difference 

between these plasmids is that in pTST112 the insert replaces part of the BA4 site 

of the cloning vector pUB110 while pTST130 contains this insert ligated into the 

Pvull site. Comparison of the two amyE-harboring plasmids revealed an enhanced 

stability in the construct in which this gene was inserted outside the BA4 region. 

Plasmid pTST112 proved to be the least stable through conditions involving 

sporulation. Except for the questionable data for 2362 [pTST130] grown at a 

dilution rate of 1.0 h* in the chemostat, this plasmid was quite stable. However, 

a small instability (<5% loss) was noted for this plasmid during sporulation. 
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Evidently, size and insert location are not the only factors involved in 

stability. Among plasmids with interrupted BA4 binding regions, the larger one, 

pLDT117, was somewhat more stable than pTST112. This finding differs from 

that of Bron et al. (11) who found that stability was affected by size more 

noticeably in plasmids which had modified BA4 regions. However, other 

differences exist between pLDT117 and pTST112 (e.g. cloned gene expression and 

the size of the portion of the BA4 region that was excised) which prevent a valid 

comparison based merely on insert size. 

Compatibility between either pUB110, pLDT103, or pLDT117 and the 

large, cryptic plasmid of 2362 was observed. Whether absence of the large 

plasmid in strains 2362 [pTST112] and 2362 [pTST130] was due to incompatibility 

or an artifact of the transformation procedure is not known. 
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iii) 

Conclusions 

Plasmid pUB110 can be a suitable cloning vector for B. sphaericus 2362. 

The stability of recombinant plasmids based on this vector suggests that 

greater stabilities may be attained by insertion of DNA fragments into this 

vector outside the BA4 membrane binding region (into either the BamHI 

or Pvull site). Perhaps the construction of a pUB110-based vector 

containing a multiple cloning site at one of these restriction sites would be 

useful in the construction of recombinant plasmids of practical importance. 

B. sphaericus can retain its larvicidal ability after being transformed with 

recombinant plasmids. 

There was no significant difference in plasmid stability during growth at the 

temperatures 28°C and 38°C. While the only loss in plasmid stability for 

pUB110 or pLDT103 occurred at the higher temperature, so little instability 

was seen that this occurrence is probably coincidental. If an effect exists, 

it is negligible during prolonged vegetative growth. 

There was no notable difference in plasmid stability for variations in growth 

rate between G=43 min. and G=108 min. 

The presence of a recombinant plasmid actively expressing a novel protein 

may inhibit the growth rate of B. sphaericus. This observation, made for 

2362 [pTST130], may be a consideration for large scale production. The 
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vi) 

vii) 

employment of a controllable promoter for the inserted gene may be useful, 

depending upon the gene product. 

Retention of recombinant plasmids during growth under non-selective, 

growth conditions is possible. This conclusion, based on data from the 

chemostat model, is an encouraging fact for the large scale growth necessary 

for the production of B. sphaericus as a microbial control agent. 

Stability through sporulation (which would occur in the final stage of 

manufacture and during recycling of spores in the environment) appears to 

be affected more than stability during vegetative growth. Most likely, 

stability during sporulation is dependent upon the integrity of the BA4 site. 
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