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ABSTRACT 

Growth at high temperature of wild isolates of three 

species of Bacillus was analyzed to assess potential 

responses to global warming. Experimental populations were 

grown at temperatures from 32° to 60° C. The higher 

temperatures include ones near and above maxima previously 

reported for laboratory strains. 

Summer soil temperatures, three centimeters below the 

ground surface, were recorded at the same site from which 

the wild isolates came, show that temperatures in the 

Sonoran Desert often reach 50° to 60° C. 

The growth data show that the desert isolates of B. 

subtllis and B. licheniformis have thermal maxima close to 

those reported by Gordon et al. (1973), while B. megaterium 

grew well at 2-3° C above the reported maximum. 

Global Climate Models predict a rise of 1° to 4.5° C 

over the next 60-100 years. Such a rise could shorten 

periods of active growth and nutrient cycling by Bacillus 

decomposers. 
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INTRODUCTION: ECOLOGICAL SIGNIFICANCE 

Global Warming 

The recent rise in global temperature is often 

attributed to an increased greenhouse effect resulting from 

anthropogenic release of carbon dioxide and other greenhouse 

gases to the atmosphere, and reduction of the ozone shield 

(Gates 1993; Kerr 1995). The history of the earth, however, 

has been in part a history of temperature change. Toward the 

end of the Mesozoic Era, 65 million years ago, the world 

was 20° C warmer than it is today. An impact, by a huge 

asteroid or comet on earth 65 million years ago, is 

hypothesized to have raised an enormous dust cloud that 

caused widespread terrestrial and marine extinction at the 

end of the Cretaceous period. The dust cloud is thought to 

have caused climate change. Temperatures fell, ice caps 

formed, ocean levels dropped, and atmospheric and oceanic 

circulation patterns changed (Gates 1993). The ensuing late 

Cretaceous extinctions, it is further postulated, were the 

result of food reduction from the cooling of the planet and 

the reduction of sunlight to the earth by dust and droplets 

of sulfuric acid. Wildfires may have engulfed parts of 

earth eliminating more plant and animal taxa. About 55 

million years ago the global climate began a long, slow 

cooling trend (Phillips 1990). Then 8000 to 4500 years ago. 
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in the hypsithermal period, temperatures were on average 0.5 

to 1.5° C higher than at present (Pielou 1991). 

Tree ring growth patterns, isotopes in ice cores, ocean 

sediments and annually layered lake sediments, and fossil 

flora and fauna along with pollen samples in soil, 

sediments, and rocks have been used to reconstruct the 

temperature record back for millions of years. As 

temperatures fluctuated distributions of plants changed and 

rates of photosynthesis, respiration, growth, reproduction 

and water usage were altered (Gates 1993). Though the 

recent and future rise of earth's temperature may be 

striking for its speed, and though the anthropogenic 

releases that have altered atmospheric chemistry may be 

unique, global warming itself is not unprecedented. 

Recent changes in the atmospheric concentrations of 

gases such as carbon dioxide, methane, chlorofluorocarbons 

(CFC's), and nitrous oxide have been documented. Among 

these greenhouse gases, carbon dioxide increase has been 

dramatic. Over the past 130 years the amount of carbon 

dioxide in the atmosphere has increased 30%. Carbon dioxide 

levels have been increasing at an alarming rate since the 

Industrial Revolution, and higher levels possibly have 

increased the uptake of carbon dioxide by plants during 

photosynthesis (Phillips 1990). 
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The earth's average annual temperature has risen by 

about 0.5®C since the late 1800's. This rise in temperature 

may be the cause of extreme weather-related effects such as 

drought, floods, forest fires, the disappearance of animal 

species, the migration of plant species, and epidemics 

resulting from climatic change. No one can predict for 

certain how high temperatures will go or what the 

consequences will be. However, institutions such as the 

Max-Planck Institute for Meteorology in Hamburg, Germany, 

the Lawrence Livermore National Laboratory, California, and 

the Hadley Center for Climate Prediction and Research in 

Brachnell, England, have developed predictive computer 

models of climate that suggest a rise 1.5 to 4.5° C is 

possible during the next 60 years (Gates 1993). However, 

the recent report of the Intergovernmental Panel on Climate 

Change predicts 1 to 3.5 ° C. by the year 2100 (Kerr 1995). 

The Southwest Sonoran Desert has recently experienced 

some record high temperatures. Global warming will likely 

cause additional increase in summer temperatures, and may 

cause desert environments to become hotter and drier the 

year-around. Some models, however, suggest that the Sonoran 

environment may become hotter and wetter (Phillips 1990). 

Such changes could bring a new stage in the ecology and 

evolution of desert microbes, plants and animals. 
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Biogeochemical Cycles 

Bacteria are essential for the maintenance of many 

biogeochemical cycles in nature. Bacillus species are 

among the important decomposer bacteria that form a 

partnership with all other organisms to recycle inorganic 

nutrients in terrestrial, aquatic, and marine ecological 

systems (Lynch and Hobbie 1988; Priest 1993). Bacteria 

participate in these cycles as they grow vegetatively. 

Rates of nutrient processing could be affected by the 

temperature increase. Shifts in either the seasonal timing 

(phenology) or durations of daily or seasonal periods of 

decomposition by bacteria might increase or decrease rates 

of nutrient cycling, as would changes in the population 

densities of soil bacteria. In turn, plant species 

phenologies, plant community compositions, rates of 

photosynthesis, flowering, and seed germination might be 

affected. 

Natural History Of Bacillus 

Bacillus species are found in nearly every environment 

from volcanic vents and ice caps to the skin and intestines 

of animals. Most are free-living bacteria. Bacillus 
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species are among the most common bacteria found in soil. 

They are obligately (B. suhtilis) or facultatively aerobic 

(e.g., B. licheniformls), rod-shaped, motile cells 

approximately 1-5 micrometers in length and 0.5 - 1.5 

micrometers in diameter (Arbige 1993). Their cells divide 

approximately once every hour in rich media at temperatures 

of 30 to 40° C. Cells of at least some species, e.g., B. 

subtilis and B. lichen!formis, can exchange genes through a 

form of sexuality known as natural transformation (Spizizen 

1958; Anagnostopolis and Spizizen 1961; Thorne and Stull 

1966; Graham and Istock 1978 1981; Duncan et al. 1994; 

Lorenz and Wackernagel 1994) and possibly by transduction 

and conjugation as well. Some members of the genus are 

adapted to high temperature, e.g.. Bacillus 

stearothermophilus is highly atypical with a range of 

maximiam growth temperatures for different strains of 65 to 

75° C (Gordon et al. 1973). Bacillus species can be 

identified on the basis of the carbon sources on which they 

grow and produce acid. The API system uses this pH change 

with growth on many different carbon sources, and a few 

other standard bacteriological tests, to achieve rapid 

species identifications (Logan and Berkeley 1981, 1984; 

Duncan et al. 1994). Appendix 1 lists some general 
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characteristics of laboratory strains of the three Bacillus 

species I studied, as reported by Gordon et al. (1973). 

All Bacillus species are spore-forming organisms, which 

means they can change from the vegetative, rod-shaped, form 

into resistant endospores in response to conditions 

inhospitable for vegetative activity. Studies by Lin et al. 

(1984), have shown that when the supply of carbon, nitrogen, 

or phosphorus is limited, aerobic bacilli develop these 

highly resistant, dehydrated endospores that show no 

metabolic activity. Such spores can remain viable after 

boiling. Endospores, so-named because they arise inside a 

vegetative cell, develop by foinaing a tough membrane around 

a second daughter chromosome within a mother cell which then 

disappears. The spores can remain alive but inactive for 

decades or more, possibly even tens of millions of years 

(Cano and Borucki 1995), eventually germinating when 

conditions again become favorable for vegetative growth. 

Wild Isolates Versus Laboratory Strains 

For purposes of this paper I make the following 

distinction between wild isolates and laboratory strains. 

Wild isolates come from a specific natural population at a 

specific site, while laboratory strains are isolates from 
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disparate natural locations which have been long-cultured 

under laboratory conditions and may have undergone evolution 

adapting them to laboratory culture conditions. Many, 

possibly all, laboratory strains, such as the many 

derivatives of the Marburg strains from Germany, were not 

isolated from desert habitats. Wild isolates of B. 

subtilis, B. licheniformis , and B. megaterium were 

collected and identified by C. Istock and collaborators in 

recent years (1987, 1988, 1989, and 1992) from a Tumamoc 

Hill field site at Tucson, Arizona (Istock et al. 1992; 

Duncan et al. 1994) . Their prior work using allozyme 

electrophoresis provided genetically-typed Bacillus of the 

three species for my research. The species were originally 

identified using the API system (from bioMerieux Vitek, 

Inc.) with computer matching to an API database (Logan and 

Berkeley 1981, 1984). Computer-generated dendrograms were 

used to resolve the population genetic (allozyme) structure 

of the three species at Tumamoc Hill and were provided to me 

by the Istock laboratory (calculations used the unweighted 

pair-group method with averages). These dendrograms are 

reproduced as reference information in Figures la, lb, and 

Ic. 
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Purpose Of The Study 

In this paper I focus on the upper thermal limits for 

metabolic activity and population growth of three soil-

dwelling Bacillus species. My study of adaptation was 

inspired by previous experiments conducted by Bennett et al. 

(1990, 1992), Lenski et al. (1991), Bennett and Lenski 

(1993), Lenski and Bennett (1993), and Leroi et al. (1994) 

using Escherichia coli. In their studies, a strain of E. 

coli was used to observe evolution in different thermal 

environments. Their selection experiments, which ran for 

thousands of cell generations, showed that it was not 

possible for single-strain E. coli populations to evolve the 

ability to grow at temperatures above the initial thermal 

maximxom of about 42° C. The source of genetic variation in 

their experiments was mutation. Their populations did 

evolve increased fitness (growth rate) relative to the 

founding ancestral strain during selection at specific 

temperatures within the ancestral thermal range. So, in 

this one sense thermal adaptation did evolve even though it 

could not break through the upper thermal limit. Recently, 

Mongold et al. (1996) have studied adaptation of E. coli to 

a thermal minimum. 
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My studies differ from the E. coli experiments in that 

I use samples of genetically variable isolates of desert 

Bacillus species collected recently from nature and ask how 

well-adapted for vegetative growth at high temperatures some 

or all of these genomes might be, and to what extent these 

desert populations might hold variation for growth at 

temperatures higher than those previously reported for these 

species. I also cast my laboratory experiments against a 

backdrop of summer soil temperature recordings made at the 

same site from which the bacteria originally came, thereby 

obtaining records of high soil temperatures in nature. 

Questions To Be Addressed. 

1. Do wild isolates of the three sympatric species of 

B. subtilis, B. licheniformisr and B. megaterium generally 

have thermal maxima similar to those reported by Gordon et 

al. (1973) for laboratory strains? Or, do the desert 

populations of these species generally have significantly 

higher thermal maxima for growth due to adaptation to desert 

life? 

2. If populations of the three species are not 

generally adapted to high temperature, does genetic 

variation within population samples of the three species 
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provide at least some isolates that grow above the reported 

thermal maxima? 

3. How do the maximum temperatures for growth of the 

three species in the laboratory compare with present-day, 

summer, temperature regimes (fluctuations and maxima) in the 

same soil habitat from which the wild isolates were 

obtained? 

4. If the rise in temperature of 1° to 4.5° Celsius 

predicted from global climate models does occur, could it 

create longer periods when vegetative growth is inhibited 

and sporulation induced in Sonoran Desert populations? 

To answer these questions, growth experiments were 

performed to determine the upper thermal limits for wild 

isolates of three species of Bacillus from Tumamoc Hill. I 

used two types of laboratory experiments: growth of single 

isolates (genotypes) and growth of mixed populations of 

genetically different isolates. The first type of 

experiment provides a study of individual genomic 

adaptation, the second a study of population adaptation. 

Obviously, neither experiment can evaluate the full extent 

of natural variation for adaptation to high temperature 

since they are based on limited samples of the variation in 

nature. 
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METHODS AND MATERIALS 

The Isolates 

The isolates of B. subtilis^ B. licheniformis^ and B. 

megaterium were supplied by the Istock laboratory. The 

wild strains were originally isolated as germinating spores 

from soil microsites at the Desert Laboratory on Tumamoc 

Hill, Tucson, Arizona (Istock et al. 1992; Duncan et al. 

1994) . Two species, B. licheniformis and B. subtilis were 

isolated in 1987. Additional samples of B. subtilis were 

collected in 1988 and 1989; and a B. megaterium sample was 

collected in 1992. This site offered the opportunity to 

study a desert area that is much the same today as it was 

hundreds of years ago. The samples came from the soil 

surface down to three centimeters. Isolates of the three 

species were obtained by heating the soil sample to 80° C in 

a sterile Spizizen salts (liquid suspension) solution 

(Anagnostopolos and Spizizen 1961) for 30 minutes to kill 

vegetative cells of all bacteria and initiate germination of 

the heat-resistant Bacillus spores. The complete methods 

used to extract the Bacillus isolates from soil, and the 

ways in which they were identified and characterized 

genetically are described in papers by Istock et al. (1992) 

and Duncan et al. (1994). 
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Media And Procedures 

Each isolate was streaked from an ancestral isolate 

onto petri plates with Tryptose Blood Agar Base (TBAB, 

Difco) media and inciabated for 12 to 18 hours at 30®C 

(growth for a longer time allowed the bacteria to age and 

increase the likelihood of sporulation). Penassay Broth, 

Antibiotic medium #3 (PAB, Difco) was used for aerobic cell 

growth in Nephelo Culture flasks (Bellco Glass, Inc.) at 

preselected environmental temperatures in air-shaker 

incubators. Cell growth was recorded as optical density 

over time using a Klett-Summerson photoelectric colorimeter 

with a blue filter. The Nephelo flasks have a hollow 

sidearm designed to allow colorimeter readings without 

opening the flask. 

Cleaning Protocol 

During the initial experiments a problem arose because 

growth of individual isolates did not always occur at 

permissive temperatures. This experience made it clear that 

careful cleaning of the flasks was necessary to prevent 

sporadic suppression of growth. An effective protocol for 

cleaning the Nephelo flasks was developed, and used for all 

later laboratory experiments. The nature of the inhibitory 
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contamination is unknown. The cleaning and sterilizing 

procedure was as follows. 

1. Rinse the Nephelo flasks with tap water. 

2. Add a 20% (V/V) solution of RBS-35 (made by Pierce 

in Rockford, Illinois) to the flask, making certain the 

solution fills the sidearm of the flask and is just 

below the flask neck. 

3. Allow solution to remain in the flask for at least 

30 minutes. 

4. Rinse the flask and caps in the following sequence: 

tap water, 10 times; 

deionized or distilled water, 10 times; 

and MilliQ water, 4 times. 

5. Dry the flasks in a drying oven set at 60° C. 

6. Place the caps loosely on the flasks and autoclave 

them in an autoclave-safe basket on: "unwrapped" heat 

for a 90 minute cycle, or "fast exhaust" for a 50 

minute cycle. 

7. Return the flasks to the drying oven, with caps on 

loosely, to remove any remaining moisture. 

When the flasks were removed from the drying oven they were 

considered sterile. After cooling, the caps were tightened 

and the flasks stored for future use. A sterilized flask 
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with PAB used to zero the Klett Colorimeter never showed 

contamination. 

At the conclusion of each experimental run the contents 

of the Nephelo flasks were treated with disinfectant prior 

to disposal. 

Experimental Designs And Growth Measurement 

1. Initial experimental design and procedure 

In the first experiments 18 B. subtilis isolates were 

selected at random from the 60 isolates in Figure la. The 

selected isolates are indicated by bold typeface and 

underlines in the figure. Growth rates and maximum 

population sizes (densities) were obtained individually for 

the 18 isolates in Nephelo flasks in Penassay broth (PAB) at 

32°, 50°, 53°, and 55° C for a total of 25 hours at each 

temperature using a randomized block design of six Nephelo 

flasks on the Lab-Line Environ-Shaker. In the randomized 

block design each block consisted of six flasks, each with a 

culture of one isolate, simultaneously in the air shaker. 

An entire run consisted of three such blocks, with the 18 

individual isolates falling at random into blocks. Two 

replicates were completed at each experimental temperature. 

To start each Nephelo flask culture, a TBAB plate was 

streaked with an individual Tumamoc isolate and grown 
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overnight at 30° C. A representative colony was picked with 

a sterile wooden pick and inoculated into 30 ml of sterile 

PAB in a sterile flask. 

1. Each flask was swirled to disperse the cells. 

2. The flask was tipped to fill the sidearm. Optical 

density was recorded as the time-zero measurement using 

a Klett colorimeter. 

3. The flask was tipped to empty the sideairm and the 

flask placed in the the air-shaker at the designated 

temperature. The caps of the flask were loosened 1/2 

to 3/4 turn while on the shaker to provide aerobic 

growth conditions. 

4. At preselected times, the optical density was 

measured again. 

Prior to each set of Klett readings the instrument was 

zeroed using a sterile flask with 30 ml of PAB as a 

standard. Equations to convert Klett units to the number of 

colony forming units (cfu) were provided by the laboratory 

(Figures 3a and 3b). Growth curves were plotted as colony 

forming units per ml (y-axis) versus time (x-axis) using 

Sigma Plot (Ulrich et al., 1995). 

Data were plotted with means and 95% confidence 

intervals using Sigma Plot (Ulrich et al. 1995) after 

conversion from Klett units to population density in 
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cfu's/ml. Before converting Klett units to population 

density the very small time-zero value was subtracted from 

each siibsequent Klett reading. The initial Klett reading 

value represented the occlusion caused by the inoculum. 

2. Second experimental design and procedure 

In the second type of experiment a population approach 

was used to measure thermal tolerance of larger numbers of 

genetically different isolates. A subset of the original 

wild isolates were grown in Nephelo flasks as a mixed 

population. The mixed-isolates used in the experimental 

design were a population of 25 B. subtilis , "Ts-25", Figure 

la; a population of 25 B. licheniformis , "Tl-25", Figure 

lb/ from Group I, licheniformis (Duncan et al. 1994); and a 

population of all 14 B. megaterium , "Tm-14", Figure Ic. 

The isolates used are indicated by an asterisk on the 

respective figures. Each subset was constructed so that 

levels of genetic "relatedness" based on allozyme data, 

would yield a group that encompassed much of the genetic 

structure of the wild populations. The "T" in the 

population names stands for Tumamoc Hill, from which the 

isolates were obtained. The "s", "1" and "m" indicate the 

species followed by the niamber of isolates used to initiate 
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each experimental population. Each population was tested 

for growth at 37°, 50°, 53°, 54° and 56° C for 50 hours. 

The ntunber of replicates for each species by temperature 

combination is given in the appropriate figure caption. 

To create each of the experimental populations TBAB 

plates were streaked with one of the isolates and grown 

overnight at 30° C. A colony of each isolate was picked 

with a sterile wooden pick and, along with all other 

isolates of its species, placed in a single test tube 

containing 10 ml sterile IX SPS (Spizizen salts solution). 

This source population was vortexed for several seconds. 

From the source population, 5 ml was inoculated into 50 ml 

of sterile PAB in a sterile Nephelo flask to create each 

replicate experimental population, and a time zero optical 

density reading was made. Subsequent measurements were made 

at times shown in the figures of the Results section. 

Again, data were plotted with means and 95% confidence 

intervals using Sigma Plot (Ulrich et al. 1995) after 

conversion from Klett units to population density in 

cfu's/ml. Before converting Klett units to population 

density the very small time-zero value was subtracted from 

each subsequent Klett reading. The initial Klett reading 

value represented the occlusion caused by the inoculum. 
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Field Measurements 

Two sites at Tumamoc Hill were selected to obtain a 

record of soil temperature fluctuations. One site was in a 

shaded area under the Palo Verde tree where many of the wild 

isolates were collected. A second site was located nearby 

in an area receiving full sun. 

Soil temperatures were recorded at a depth of 2 to 3 cm 

below the surface using StowAway-Temp Continuous Recorders 

(Onset Instruments, Pocasset, MA 02559-3450) buried in the 

soil. The StowAway Recorders were placed in watertight 

plastic bags in small wire baskets secured to a stationary 

object by a wire. Periodically the recorders were collected 

and returned to the laboratory. Data stored in the StowAway 

was retrieved using a computer program from Onset 

Instruments (LogBook for Windows). Temperature graphs were 

created from the retrieved information. On one occasion the 

recorder at the shaded site was dug up by an animal (Fig. 

2a) . 

Soil moisture content was measured occasionally for the 

same study sites. Soil moisture was estimated by first 

weighing the soil sample and then drying it in a laboratory 

oven until a constant weight occurred. Soil moisture was 

estimated as the difference between initial and final 
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readings expressed as a percentage of the initial weight of 

the soil sample. 

RAPD Fingerprinting 

Randomly Amplified Polymorphic DNA (RAPD) fingerprints 

(Hadrys 1992) for a single, unusual, 54° C, B. subtilis 

population were obtained with the help of Ms. Nancy Istock. 

This population was unusual because B. subtilis would not 

usually grow vigorously at this temperature. I plated 

samples from this population on TBAB to obtain well-isolated 

colonies. I selected twelve colonies. I then streaked 

these from single colonies three times to be certain that I 

had isolated single genotypes. Ms. Istock used a DNA mini-

prep procedure that involved suspending a single colony from 

each of the twelve streaked plates in 200 nl of a ImM, pH 8 

Tris solution followed by boiling for either 40 or 80 

seconds. She then prepared standard PGR reaction mixtures 

(i.e., 2.5 |j.l lOx PGR buffer II, 1 ^il dNTP, 4 (il 25 mM 

MgCla, 1 1^1 primer, 6.3 ^1 H2O, 0.2 |il Taq DNAP-5U/|al, and 

10 |il of DNA mini-prep solution) using a random 10-mer, 

primer (OPA-03 from Operon Technologies). She performed PGR 

amplification with 2 min at 94° C for 1 cycle, 1 min at 

94° C, 1 min at 50° G, 2 min at 72° G for 30 cycles, and 5 
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min at 72° C for 1 cycle. Finally, she used agarose gel 

electrophoresis with ethidium bromide staining to obtain DNA 

fingerprints for the twelve colonies, which are shown in 

Figure 7e. The colonies in the first six lanes were the 

ones boiled for 40 seconds, and they yielded the strongest 

bands. DNA fingerprints for the Ts-25 sample used for 

comparison with those in Figure 7e were provided by C. 

Istock (unpublished data). 
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ElESULTS 

Summer Thermal And Moisture Regimes In Nature 

To answer questions 1 through 3 posed in the 

Introduction, I undertook experiments involving the growth 

of wild Sonoran Desert Bacillus at moderate and high 

environmental temperatures. These experiments focus on high 

temperature adaptaion of individual genotypes, populations 

of samples of genotypes, and different species. 

To establish a realistic thermal setting for these 

studies. Figures 2a-d provide samples of summer soil 

temperature records for the study area from which the 

bacteria I used were previously isolated. Figures 2a and 2c 

were obtained from a StowAway recorder buried 3 cm deep in 

the soil of the shaded area under a Palo Verde tree. This 

is exactly the sampling site and depth from which the 

Bacillus subtilis and B. licheniformis isolates I used had 

been obtained. B. megaterium isolates had been obtained 

from a similar setting beneath an adjacent Palo Verde tree. 

Figures 2b and 2d were obtained from a recorder buried 3 cm 

deep nearby in the open with full sun — the predominant 

habitat at Tumamoc Hill. These records show that soil 

temperatures rise into the range of 50 to 62.5° C on many 
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sximmer days, and that in late summer peak temperatures may 

decline into a moderate range of 25 to 35° C. My studies 

explore the growth performance of Bacillus over the range of 

32 to 60° C. 

The recorder at the shaded site was dug up by an animal 

on the night of June 10, 1995, or early the next morning, 

providing thereafter a record of air temperatures (Fig. 2a). 

The air temperatures reached maxima of 66° C or higher on 

several days and rose above 60° C on many days 10-15 degrees 

above the siib-surface soil temperatures at that time. The 

recoder was reburied on July 26, 1995. 

I made a limited assessment (see Materials and Methods) 

of variation in soil moisture at the shaded site in the 

summer of 1994. During June and July, prior to any summer 

rain, three estimates from soil at the shaded study site 

gave values of 3-5% moisture. A substantial rain came on 

July 20, and on July 21 I obtained a soil moisture value of 

24%, and then by July 28 and August 4 it had decreased to 

5.6 and 5%. The temperature on July 20 reached 50° C, but 

after the rain declined to 25° C by nightfall, and rose to 

only 40° to 45° C during the next week. Following a rain 

soil moisture estimates were made for both the open (full 

sun) and partially shaded sites on July 26, 1995. These 
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estimates were 3.6% and 8.3% for the open and shaded sites 

respectively. 

Undoubtedly, temperature and rainfall patterns create a 

complex, temporal and spatial environmental mosaic for 

bacterial life during Sonoran Desert summers. My studies 

focus on the simpler issue of what temperature means for 

bacterial growth on those days when moisture is sufficient 

to sustain vegetative activity. 

Growth Of Single Isolates Of Bacillus subtllls At High 

Temperatures 

For these experiments 18 wild isolates of B. suhtilis 

were selected randomly from a population sample of 60 

isolates; the specific isolates used are indicated with bold 

typeface and underlines in Figure la. The isolates came 

from the three main subdivisions, A, B and D, within this 

population genetic structure; the single distinct isolate 

labeled C was not included. Genetic analyses of the full 

sample were published by Istock et al. (1992) and Duncan et 

al. (1994) . All 18 isolates are genetically distinct 

genomes based on allozyme data (Istock et al. 1992; Duncan 

et al. 1994) . In the initial phase of my study the 
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subsample of 18 isolates was tested individually for growth 

at 32, 50, 55, and 60° C. 

Using Klett units versus time. Figure 4a plots mean 

growth (dark circles) and variation (open circles) among 14 

of the isolates that initially grew well at 32° C. Many of 

the individual data points are not visible because they lie 

behind the points for mean values or coincide with other 

individual data points. The same data were converted to 

colony forming units per ml (cfu's/ml, see Fig. 3a) and 

replotted versus time in Figure 4b. For the remainder of 

this paper I will use graphs of this converted type because 

population densities expressed this way are biologically 

more meaningful than ones using the Klett scale. After the 

problem with cleaning of Nephelo flasks was solved (see 

Materials and Methods) the four isolates that did not grow 

well at 32° C were retested and did grow well (Fig. 4c) . 

Thus, all 18 isolates grew at 32° C making it certain that 

simple failure to grow in laboratory media is not a possible 

source of error with these particular bacteria, as it would 

be with many other bacteria often referred to as viable but 

non-culturable (Brock et al. 1994). 

Growth at 32° C was rapid, in most cases exceeding 10® 

cfu's/ml in about five to ten hours. The average density at 

about 25 hours was 1.9 x 10® cfu's/ml with modest variation 
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among the isolates (Figs. 4b and 4c). I refer to cfu's/ml 

as the expression of culture density rather than cells/ml. 

This is a widely employed convention recognizing that in 

the calibration process (Figs 3a and 3b) some colonies may 

have arisen from aggregations of clumped cells, rather than 

from single cells. In semilogarithmic graphs like Figure 4b 

and 4C/ and others to come, the error bars for 95% 

confidence intervals occasionally show only an upper limit 

because the lower limit includes negative exponents for 

which logarithms are undefined. When these are encountered 

the software responds by not attempting to plot the lower 

bar. On arithmatic plots the lower bars show. 

Next, the 18 isolates were tested as individual 

genotypes for growth at 50° C, moving closer to the reported 

thermal maximum (Gordon et al. 1973). Eleven of the 18 grew 

well as shown in Figure 5a, while seven did not grow at this 

temperature (not included in Fig. 5a). The zero densities 

at two and four hours indicate that a few of the isolates 

were slow to begin growth. Isolates that grew at 50° C 

reached a mean density just above 10® cfu's/ml in six hours, 

and a somewhat higher mean density at 25 hours. 

To narrow my estimate of the thermal maximum for good 

growth of B. subtilis, I set the temperature to 53° C and 

tested three isolates (Tf-32, T89-55, T89-53) that had 
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already performed well at 50° C. Figure 5b shows that all 

three of these isolates were capable of growth at 53° C, but 

one (Tf-32) grew more rapidly and reached a maxim\am an order 

of magnitude greater than the other two. 

Six isolates {T89-55, T89-53, T89-47, T88-39, Tf-32, 

and Tf-34) were selected for growth tests at 55° and 60° C, 

at and above the reported thermal maximum (Gordon et al. 

1973) . All but the last one grew well at 50° C. The results 

were ambiguous as shown in Figures 5c and 5d. There was 

evidence of modest growth by these isolates, the best 

indication being the rise to iC to 10^ cfu's/ml by 5-7 

hours. Comparison of the 95% confidence intervals (error 

bars) in Figures 4b, 4c, and 5a with those of Figures 5c and 

5d demonstrate that the lower densities and slower growth at 

55 and 60° C are statistically significant (no overlap 

between 95% confidence limit and means). It is likely that 

cultures at later times in all these populations are 

composed partly or mainly of spores. I know that 

temperatures as high as 55 and 60° C are not lethal for 

these isolates because growth resumes when the Nephelo 

flasks are returned to room temperature (approximately 22° 

C), though this regrowth may have been initiated by spores 

germinating at the lower temperature. The regrowth also 
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means that nutrients were not completely exhausted by 25 

hours in these cultures. 

Thus, the data from my experiments with individual 

Tumamoc isolates of B. subtilis indicate: (1) that there is 

considerable individual variation in growth response to 

higher temperatures, with some genotypes having thermal 

limits for growth below 50° C, while others can grow at 53° 

C or even exhibit modest, or transient growth at 55 and 60° 

C; and (2) that the thermal maxima for most Sonoran Desert 

B. subtilis are not higher than those reported by Gordon et 

al. (1973), i.e., 45° to 55° C, but a few isolates appear to 

be capable of quick, modest growth, presumably followed by 

sporulation (Figs. 5c and 5d). 

Growth Of Three Bacillus Species Populations At High 

Temperatures 

To obtain a broader analysis of adaptation to high 

temperatures, one which includes more isolates and more 

species of Bacillus, I switched to the protocol for batch 

cultures of mixed-isolate populations grown in Nephelo 

flasks (see Materials and Methods). While losing the finer 

detail of the foregoing tests of individual genotypes, the 

following analysis provides a more generalized picture of 
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the probable responses of three distinct species, when their 

genetically variable, Sonoran Desert populations encounter 

high temperatures. Populations of the three species, B. 

subtilis, B. licheniformis, and B. megaterium were each 

studied separately. The specific isolates used to create 

experimental populations are indicated with asterisks on 

Figures la-lc. The set of 25 B. subtilis isolates have been 

used previously in the genetic studies of Duncan et al. 

(1994), where they are referred to as the T-25 set. For 

consistency I will refer to them here as the Ts-25 

population (T=Tumamoc, s=subtilis, 25 isolates). The 25 B. 

licheniformis isolates (Tl-25) were all intentionally chosen 

from Group I (Figure lb), because there is strong genetic 

and some phenotypic evidence presented in Duncan et al. 

(1994) that the Group I and II isolates are distinct 

species, even though both type phenotypically as B. 

licheniformis by standard methods. The 14 B. megaterium 

isolates will be referred to as the Tm-14 population. 

Growth of B. subtilis Ts-25 populations 

The Ts-25 experimental population grew well at 37° C 

and 50° C (Figs. 6a and 6b), with rapid increase in the 

first 10-15 hours and sustained densities for over 70 hours 
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of nearly 10^ cfu's/ml at 37° C and about 5 x 10® cfu's/ml at 

50" C. At 53° C Ts-25 growth appeared to be slightly 

slower, and definitely more variable with one replicate 

failing to grow at all (Fig. 7a). Sustained density was 

significantly lower relative to the curves for 37° C and 50° 

C, and started to decline by 60 hours (Fig. 7b). As in the 

previous single-isolate experiments, 53° C seems to be a 

boundary for vigorous population growth. There was fairly 

good growth in two of four replicates at 54° C and in 

regrowth in a fresh flask with an inoculation from one of 

these, also at 54° C from these two replicates (Fig. 7c). 

Modest growth also occurred at 56° C (Fig. 7d) . Mean growth 

curves at 54° and 56° C are different statistically. Spores 

were present in samples from the 54° and 56° C cultures, 

suggesting sporulation as an alternative response by at 

least some genotypes. 

Samples from one replicate in which the Ts-25 

population grew at 54° C were plated on TBAB media and a 

sample of twelve colonies were used for DNA fingerprinting 

using RAPDs with a single primer (Fig. 7e, DNA fingerprints 

kindly produced by N. Istock). This was done to determine 

if more than one genotype grew to high frequency at this 

apparent thermal boundary. All of the fingerprints appeared 

to be identical, indicating that only a single genotype had 
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Figure 7e. DNA (RAPD) fingerprints for 12 colonies from a 
single Bacillus subtilis population that grew at 54 ° C. 
Fragment sizes listed beside the photos refer to the indicated 
bands in the 1 Kb ladder standard. The colonies used for 
the minipreps (see Materials and Methods) in lanes 1-6 were 
boiled for 40 seconds, those in lanes 7-12 for 80 seconds. 
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grovm to high frequency at 54° C. This genotype had the 

pair of small fragments (approximately 580 and 530 kb) 

characteristic of all members of the B. suhtilis group B 

(Fig. la and 7e). Careful comparison of the DNA 

fingerprints from my experiment and those for the entire 

group B (data not included) strongly suggests that isolate 

T89-18 was the one that grew well at 54° C. The strain that 

grew vigorously at 54° C was probably the result of genetic 

recombination (transformation) with other genotypes in the 

initial inoculum or mutation, because T89-18 did not grow at 

54° C in the single-isolate experiments. On the basis of 

present information, it is not possible to resolve the 

issue. 

When B. subtilis growth occurs in some replicates and 

not others at temperatures in the 54° to 60° C range it may 

be due to stochasticity that arises as cells are confronted 

with the ^'decision" (physiological switch) between growth 

and sporulation. If some cells grew, at least initially, 

modest growth would be observed. However, it is likely that 

most B. subtilis cells resort to sporulation fairly quickly 

on encountering the higher temperatures in these 

experiments. If all cells in the initial inoculum 

immediately sporulated or died, no growth would be observed. 
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Growth of B. licheniformis Tl-25 populations 

Experiments with Tl-25 populations at 37, 50, and 53° C 

gave results nearly identical to those for Ts-25 populations 

(Figs. 8a and 8b), although one replicate failed to grow at 

53° C (Fig. 8a). However, unlike the Ts-25 population, the 

Tl-25 population grew well and more consistently at 54° C 

(Fig. 9). All four replicates grew rapidly during the first 

10 hours, then, inexplicably, one fluctuated and declined to 

zero by 50 hours, while the other three continued to 

densities of approximately 5 x 10® cfu's/ml by 25 hours and 

remained so to 50 hours. As with Ts-25 populations, the Tl-

25 population showed only modest growth at 56 degrees (Fig. 

8b). In Figure 8b all four replicates underwent a wide 

fluctuation simultaneously, probably due to measurement 

error. 

Thus, Tumamoc B. licheniformis have a slightly higher 

thermal maximum for good vegetative growth than B. subtilis, 

and again grow at maximum temperatures very near those 

reported by Gordon et al. (1973), i.e., 50° to 55° C, and 

there is a possibility that some genotypes can exercise the 

strategy of quick growth followed by sporulation at higher 

temperatures. 
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Growth of B. megaterium Tm-14 populations 

Data from experiments with Tm-14 populations are less 

extensive than for the previous two species. However, they 

indicate several contrasts for this large-cell species 

(Figs. 10a and 10b). Growth at permissive temperatures such 

as 37 ° (not shown) , 40° and 45° C are slower than for Ts-25 

and Tl-25 populations, but eventually reach densities almost 

as high, approximately 4 xlO® cfu's/ml. Growth at 47° C was 

almost as good. Tm-14 populations initially grew to almost 

10" cfu's/ml at 48.5° C, in contrast to densities greater 

than 10® cfu's/ml at lower temperatures, but by 20 hours had 

declined to zero (Fig. 10b). No growth was observed at 50°, 

or 53° C. However, when cultures from 48.5 and 50° C were 

transferred to 30° C, growth did occur, indicating that the 

higher temperatures were not entirely lethal, apparently 

some of the cells in the initial inocula were able to 

sporulate rapidly at the outset. Gordon reports a thermal 

maximum of 35 to 45° C for B. megaterium. Apparently, at 

least some of the Tumamoc genotypes can grow well at 

temperatures 2-3 degrees higher — somewhere between 47° and 

48.5° C. 
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Figure 10a. Growth at 47® C. for mixed isolates of B. 
megaterium. Data include three replicates. The mean 
at four hours appears to be due to erroneous readings. 
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Figure 10b. Growth of mixed isolates of B. megaterium at 
40°, 45°, 47°, and 48.5° C. Data include three replicates 
for all temperatures except 40° which had six replicates. 
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DISCUSSION 

I believe that the results reported here provide the 

first study of variation for tolerance of high temperature 

in local populations of three important decomposer species. 

It is particularly important that such studies pertain to 

local populations because it is within them that natural 

selection and adaptive evolution will or will not occur in 

response to environmental warming. 

While the interpretations of my results that follow 

focus largely on temperature effects on the growth of three 

Sonoran Desert Bacillus species, I recognize that soil 

moisture is also critical for their existence in this arid 

habitat. Higher average temperatures will cause lower 

average soil moisture unless rainfall increases, but for 

consistency of interpretation I assume that temperature-

dependent results always relate to conditions of sufficient 

moisture, which is literally the case in my experiments 

employing broth cultures. 

Varying Levels Of Thermal Adaptation 

"Do wild isolates of the three sympatric species of B. 

subtilisf B, licheniformis, and S. megaterium generally have 

thermal maxima similar to those reported by Gordon et al. 
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(1973) for laboratory strains? Or, do the desert 

populations of these species generally have significantly 

higher thermal maxima for growth due to adaptation to desert 

life?" 

"If populations of the three species are not generally 

adapted to high temperature, does genetic variation within 

population samples of the three species provide at least 

some isolates that grow above the reported thermal maxima?" 

My experiments with individual B. subtilis isolates 

revealed considerable variation in performance at higher 

temperatures. Some of the isolates grew well at 53° C, near 

the thermal maximum of 55° C for vegetative propagation of 

B. subtilis reported by Gordon et al. (1973), but others 

could not grow at even 50° C, which is also consistent with 

Gordon's lower thermal maximum for this species (45° C). 

Though no isolate grew very well at 55° C and 60° C, modest 

initial growth of selected isolates suggests that at these 

extreme temperatures short spurts of growth followed by 

sporulation are possible for some isolates (Figs. 5b and 

5d). Thus in a limited sense it may be that some Sonoran B. 

subtilis genotypes are slightly better suited to high 

temperature than those used by Gordon and colleagues 
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(Appendix 1). Since all the wild isolates are known to be 

genetically different based on allozyme and other analyses 

(Duncan et al. 1994), it is likely that the observed 

variation in thermal adaptation among them also has a 

genetic basis. The maintenance of this variation may be the 

result of shifting thermal conditions throughout the year 

with some isolates better adapted to cooler conditions and 

some better adapted to warm or hot periods. Thus, it is 

possible that fluctuating natural selection preserves a 

fairly complex genetic polymorphism for thermal adaptation 

in Sonoran Desert populations of B. subtilis. 

Experiments with mixed-isolate populations of B. 

subtilis gave almost exactly the same result as the single 

isolate experiments. The only additional result was that at 

least one genotype grew well at 54° C. Beyond this, the 

data do not indicate that the desert population has a high 

frequency of genotypes well-adapted to vegetative life at 

temperatures of 54° to 60° C, but because my samples are 

small I cannot say that rarer, highly thermo-tolerant 

genotypes do not exist at all in the Tumamoc Hill 

population. 

The results from experiments with mixed-isolate 

populations of B. licheniformis were very close to those 
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with B. subtilis. Except that, while these populations 

could grow at temperatures one or two degrees higher, they 

provided no evidence of genotypes able to grow well at 55° 

to 60° C. B. licheniformis, too, seems to conform rather 

closely to the thermal maxima reported by Gordon et al. 

(1973), but again with the observation (Fig. 8b) that at 

least some genotypes may use the strategy of quick growth 

followed by sporulation at 56° C and possibly higher. 

There were two sui^jrises from the B. megaterium 

experiments. First, this species is not well-adapted to the 

higher temperatures I recorded in the field, being unable to 

grow when the temperature rises to between 47 and 48.5° C. 

Second, the desert isolates of this species can, however, 

grow well at temperatures a few degrees above the thermal 

maxima reported by Gordon et al. (1973), suggesting that at 

least some genotypes may be better adapted to high 

temperatures than the species at large. Still, B. 

megaterium is clearly less well-adapted to the naturally 

occurring temperatures above 48.5° C than many genotypes of 

B. subtilis or S. lichenifoirmis associated with it in the 

Sonoran Desert. 
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Ecological And Evolutionary Prospects 

"How do the maximim temperatures for growth of the 

three species in the laboratory compare with present-day, 

summer, temperature regimes (fluctuations and maxima) in the 

same soil habitat from which the wild isolates were 

obtained?" 

"If the rise in temperature of 1° to 4.5® Celsius 

predicted from global climate models does occur, could it 

create longer periods when vegetative growth is inhibited 

and sporulation induced in Sonoran Desert populations?" 

If current predictions prove accurate and temperatures 

rise by an average of 1 to 4.5° C over the next six to ten 

decades (Gates 1993; Kerr 1995), the responses of decomposer 

populations will be critical for maintenance of nutrient 

cycling locally and globally — for the maintenance of 

processes essential for all other ecosystem functions. The 

simplest way in which bacterial and fungal populations might 

adapt is to shift, under natural selection, to higher 

frequencies of temperature-tolerant genotypes already 

present in their populations. Failing that, mutations in 

all populations and recombination in those with sexual 

mechanisms can generate new raw material for adaptive 

evolution by natural selection. Occasionally, adaptive 
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genetic exchange may occur between phyletic lineages that 

have diverged greatly during their prior evolution (Duncan 

et al. 1989; Istock 1990). 

Baseline monitoring of natural summertime thermal 

regimes indicated that peak soil temperatures of 50° to 60° 

C are common on many days at the study site from which the 

bacterial isolates were obtained. The average temperature 

increases predicted by global climate models will cause 

these temperatures to occur more frequently, perhaps most 

notably increasing the frequency of maximum daytime siammer 

temperatures between 50 and 60° C. Data from my growth 

experiments suggests that such conditions would exceed the 

thermal maxima of the Bacillus species examined here much 

more frequently. If one tries to imagine, to speculate 

about, the potential future population responses to 

temperatures this high on summer days with sufficient 

moisture (following rain) there are a number of short-term 

possibilities. 

(1) Depending on the exact temperature, all or most 

surviving cells sporulate in the daytime, but between dusk 

and dawn they germinate and resume vegetative activitiy, and 

with conditions also warmer at night there is sufficient 

compensation for less daytime nutrient cycling due to 
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enhanced metabolic rates. (Doubling time for B. subtilis in 

soil culture was shown to lie between 5.5 and 13 hours, 

Pantastico et al 1992.) 

(2) Beyond (1) there is overcompensation and thus 

substantially higher rates of nutrient cycling and possibly 

higher primary and secondary ecosystem productivity, with 

consequences for the Sonoran Desert biotic communities 

unclear. 

(3) The responses to higher temperature are similar to 

(1), but there is overall insufficient nighttime 

compensation, and thus a general decrease in summertime 

nutrient cycling relative to the present time. Plant and 

animal densities are likely to decrease and community 

composition might change. 

(4) Elevated temperatures in the daytime are sufficient 

to cause most spores to avoid germination for many days in a 

row, i.e., they are induced to remain dormant, and there is 

an even greater decrease in nutrient cycling and ecosystem 

productivity. More severe changes like those in (3) are 

likely. 

(5) As a result of either (3) or (4) organic material 

accumulates in summer and there is a shift in patterns of 

mineralization of this material to the cooler seasons. This 
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alters the annual patterning of nutrient cycling, with 

unpredictable consequences for the current structure. 

(6) Some decomposer species-populations are permanently 

sent into decline, but others take their place due to 

functional redundancy (different species substitue for one 

another) in the Sonoran ecosystems. 

(7) Massive decline in all decomposer populations 

occurs and whole ecosystems collapse. Given that earth's 

ecosytems have survived prior temperature increases, (3), 

(4) and (5) are the more likely scenarios if severe effects 

on decomposers occur. However, we do not know in detail 

what transpired in the short-run at times like the late 

Mesozoic and hypsithermal period when temperature was much 

higher. Many species may have survived intolerable 

temperatures in cooler places. 

In the longer run the essential issue may come down to 

whether or not bacteria such as Bacillus evolve fast enough 

to maintain current population densities and keep seasonal 

timing and rates of nutrient cycling reasonably steady, thus 

maintaining ecosystem function and structure at least as 

well as they have in the recent past. 

We know that the response of these Bacillus species to 

excessive temperature and other adverse environmental 
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conditions is to form highly resistant, long-lasting spores. 

If part of their response to a rise in average temperatures 

is to spend longer periods of time as spores this could 

retard evolutionary adaptation. In several experiments it 

seemed that stochastic effects arose as experimental 

populations were challenged to grow near their upper 

temperatures for vegetative life — a stochasticity , an 

uncertainty, that appeared to involve unpredictable 

switching between vegetative growth and sporulation for at 

least some genotypes, or to brief early growth followed 

quickly by sporulation, possibly with some cell death. It 

would be ironic if sporulation, this complex, ancient and 

marvelous survival adaptation, turns out to be an 

evolutionary disadvantage in a world altered too swiftly by 

humans. 

Thoughts About Future Directions. 

My results suggest that wild Bacillus isolates provide 

a model system for the investigation of bacterial responses 

to elevated temperatures. Several avenues for future 

studies come to mind: 

(1) experiments providing extensive analyses of the 

interplay of growth, sporulation and cell death at critical 

temperatures; 
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(2) mass screening of soil samples at high temperature 

to recover unusually well-adapted Bacillus^ or other thermo-

tolerant bacteria; 

(3) follow-up studies on the use of DNA fingerprinting 

to assess directly the extent of loss of genetic diversity 

concurrent with experimental growth with sequential 

(temporal) sampling at the critically high temperatures 

determined in the present study; 

(4) experimental study of interactive effects of 

controlled temperature and moisture levels in soil 

microcosms, combined with extensive study of corresponding 

temperature and moisture levels in desert soils; 

(5) comparison of levels of heat-shock protein 

expression in more and less thermo-tolerant genotypes within 

and between species; 

(6) experimental evolution, i.e., mass selection 

experiments in the laboratory to determine if large 

populations of B. subtilis, or other species, will evolve to 

grow vegetatively at much higher temperatures than those 

used in this study, during thousands of generations of 

selective pressure. 
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APPENDIX 1 

General characteristics of the three Bacillus species 

used in this study, as reported by Gordon et al.(1973). 

B. megaterium 

This bacterium has the largest cell size 

Rod size 

1.2-1.5 microns wide 

2.0-5.0 microns long 

Spore shape 

ellipsoidal 

Thermal regime 

max. 35-55°C 

min. 3-20°C 

B. licheniformis 

Spores have a single longitudinal groove 

Rod size 

0.6-0.8 microns wide 

1.5-3.0 microns long 

Spore shape 

ellipsoidal 

cylindrical 

central 

Thermal regime 

max. 50-55°C 

min. 15°C 

B. subtilis 

Rod size 

0.7-0.8 microns wide 

2.0-.0 microns long 

Spore shape 

elliposoidal 

cylindrical 

central 

Thermal regime 

max. 45-55°C 

min. 5-20°C 
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