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ABSTRACT

The influence oftwo environmental factors, soil age and vegetative cover, on the

structure and composition of soil microbial communities was investigated using

Hawaiian soils and DNA-based methods. Hawaiian island soils were expected to have

lower diversity than continental soils because they are young, geographically isolated,

harbor low plant diversity, and the islands are of relatively constant climate. Molecular

methods were used to identify some of the dominant and rare bacterial community

members, and yielded reproducible community profiles within sites but distinguishable

between sites. The DNA was first fractionated based on its guanine and cytosine

content (G+C), and then rDNA amplified from a fraction with high biomass (63%

G+C) and a fraction of low biomass (35% G+C). The rDNA clone libraries derived

from these fractions were screened by amplified rDNA restriction analysis (ARDRA)

to determine phylotype distribution for each soil.

For the 63% G+C fractions the two major changes in community structure were

seen for a chronosequence of soils of ages 200, 2,100, 20,000, and 150,000 years. The

maximum in phylotype diversity at the 20,000 year old site is correlated with maxima

in plant available nitrogen and soil organic matter, while minimum diversity at the

150,000 year old site corresponded to a maximum rate of litter decomposition. The



findings are consistent with the macro—ecological principle of diversity responses to

nutrient availability. The rDNA method was reproducible within sites, however,

dominant phylotypes were different for each site.

Comparison of the oldest rainforest soil and a soil of an adjacent pasture created

by clear cutting eight decades ago revealed a major shift in the microbial community

structure and composition. The G+C profile showed a shift to organisms with higher

G+C content in the pasture. None of the nucleotide sequences analyzed matched

sequences in the databases, and hence reflect novel bacteria.

The two step rDNA analysis used here uncovered new rDNA diversity and

provided evidence that soil microbial diversity is much higher than can be revealed in

eubacterial clone libraries fiom total community DNA. This work provides the first

evaluation of the response of dominant and rare members within a soil microbial

community to environmental factors, and revealed that vegetation was a particularly

strong factor in shaping microbial community composition. Understanding what

parameters and principles influence soil microbial community composition may aid

prediction and management of soil biological processes.
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CHAPTER]

INTRODUCTION AND RATIONALE

BACKGROUND

1. Soil microbial communities

Soil microbial communities are some ofthe most complex, diverse, and important

assemblages oforganisms in the biosphere, yet little is known about their structure and

their response to environmental influences. The complexity of their environment results

in numerous ecological niches. Niche availability and diversity is given among other

factors by mineral composition of the soil, salinity, pH value, nutrient availability,

organic input, temperature, and water content. This sum of basic variables is overlaid

by a high spatial heterogeneity caused by low mixing rates, high surface area, the

formation ofmacro- and microaggregates, and the influence ofplants and soil animals. In

addition to new niches through the input or the metabolism of organic matter, plants and

animals also create new habitats of increased metabolic activity and complexity such as

the rhizosphere or animal digestive tracks. Finally, seasonal and vegetative changes



superimpose a layer of temporal heterogeneity, resulting in the common notion that no

two soil samples have the same microbial community (Liesack et al., 1997).

As a result of the high niche variability of the soil habitat microbial diversity is

thought to be extremely high, however the extent of that diversity is unknown.

Furthermore, the influence of soil environmental parameters on this high diversity

remains largely unexplored. Diversity and community structure currently are the focal

points of soil microbial community studies. In this study diversity is defined as the

number of different species present in a soil habitat, or, in molecular terms, the number

of different phylotypes (fingerprint patterns or nucleotide sequences) present in a

habitat. Community structure includes quantitative information on the number of

individuals of different phylotypes or otherwise defined groups.

Analysis of soil microbial diversity presents a major challenge. Molecular

techniques are reinforcing the evidence for extremely high below ground diversity among

the prokaryotes. Torsvik et al. (1990) used reassociation kinetics of soil extracted DNA

to yield an estimate of approximately 4,000 different microbial genomes in one gram of

soil, representing perhaps as many as 13,000 different species (Torsvik et al., 1994).

Diversity data need to be accompanied by data for species or group abundance, since

each strain can vary from one cell per gram of soil to maybe 108.



2. Why Hawaii

Consequently, Hawaii was chosen for the study of soil microbial community

structure and development based on the notion that a young and isolated land mass is

lesser developed than old continental systems, and hence exhibits a natural soil

community but at reduced microbial diversity. The selected sites were some of the most

pristine and simple sites available for addressing questions about whether the particular

factors of age and vegetative type influence the microbial community structure and

composition.

The Hawaiian Islands are ideal natural laboratories for ecologiml research. A

series of features of the Hawaiian Islands make them particularly suitable for studies of

long term soil and ecosystem development. First, the Hawaiian Islands are the most

geographically isolated archipelago on Earth, yet, they are very accessible. They exhibit

among the youngest soils in the world, with rapid biological development.

Macrospecies richness is at a low level. The few species that colonized have radiated to

occupy an extremely broad range of environments and soils (Carlquist, 1980). Second,

other variables can be held nearly constant. The selected sites have a relatively constant

climate without seasonal changes, and the high mean annual precipitation and

temperature are nearly constant throughout the year. All sites are at about the same

elevation, hence same temperature, are about 1 meter deep, and, with one exception,

support intact rain forest vegetation dominated by the same tree species. The mineral

soil substrate shows no or little chemical variation. The maritime tropical environment
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reduces the impact ofPleistocene climate change. Glaciation, which would reset soil and

ecosystem development, was precluded. Third, the Hawaiian Islands result from the

movement of the Pacific tectonic plate over a stationary “hot-spot” in the mantle

(Hawaii Scientific Project Drilling Team, 1996). The distance from the currently active

volcanoes correspond to substrate age. Fourth, the Hawaiian Islands are one of the best

studied areas by ecologists. Much backgrormd information is supplied on these well

selected, representative sites by other research groups working at these sites.

Several critical aspects must not be overlooked. For example, Pleistocene

climatic variations occurred also in Hawaii, if in a dampened manner compared to

continental and temperate areas. Therefore, sites over 14,000 y of age developed under

conditions different from the present (Hotchkiss et al., 1993). Also, subtle effects of

surface erosion, varying exogenous inputs of atmospheric dust from Asia ((Jackson et

al., 1971; Betzer et al., 1988), and the recent introduction of plant and animal species

from outside Hawaii have changed the environment (Cuddihy er al., 1990).

Nevertheless, environmental variation that could affect soils and ecosystems have been

constrained in Hawaii, to an extent that cannot be matched elsewhere.



3. Ribosomal RNA as a tool in microbial ecology

Knowledge of bacterial diversity obtained after more than 100 years of pure

culture study is incomplete, and very few of the total number of microbial species are in

culture (Torsvik er al., 1990; Amann et al., 1995). Until the middle of the last decade

enumeration and identification of soil microorganisms had to rely on phenotypic

methods. However, phenotypic methods are restricted to only those bacteria that can

be isolated and cultured. Other, maybe completely unsuspected groups which may be

abundant or very active will not be considered, rendering the emerging picture of the soil

microbial community false. Only a small proportion of all prokaryotes have so far been

cultivated, and the majority of soil bacteria observed microscopically cannot be

cultivated. In addition, the selective enrichment culture has severe limitations as an

approach to study the community composition of naturally occurring microorganisms

(Ward et al., 1992; Amann et al., 1995). Results are not always reproducible due to the

variability of phenotypic properties in relation to culture conditions. Furthermore,

laboratory cultivation introduces serious bias to community analysis (Boivin-Jahns er

al., 1995; Ferris et al., 1996; Rheims et al., 1996), since the bacterial populations

obtained through plating are mainly dependent on the isolation media used (Serheim et

al., 1989), as well as on purification and maintenance procedures. Since nutrient-rich

media are used the selection might be biased towards copiotrophic bacteria rather than

dominant community members. In addition. properties of microbes ex situ may differ,

because they lack the interaction among populations or with the natural environment, or
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change their physiological state as a result of adaptation to the changed environment.

Consequently, in situ diversity and community structure are unlikely to be represented

by collections of natural isolates.

Alternatively, molecular approaches based on phylogenetic analyses of biological

markers amongst cellular components are capable of better encompassing the diversity

of all well represented members ofthe entire community. Since the mid-19808, the use

of small-subunit ribosomal ribonucleic acid (SSU rRNA) based techniques has facilitated

a culture-independent approach of investigating microorganisms as they occur in nature

(Olsen et al., 1986; Ward et al., 1992; Amman et al., 1995). The comparison of these

molecular “signature” sequences transformed microbial taxonomy from a pure

identification system to an evolutionarily—based framework (Gray et al., 1984; Woese,

1987; Olsen et al., 1994). Based on these studies all forms of life are separated into

three major evolutionary lines, the three so-called domains: Bacteria, Archaea, and

Eucarya (Fig. 1; Fox et al., 1980; Woese et al., 1990). Ribosomal RNA and the

corresponding genes (rm) are now widely used as powerful evolutionary and

investigative biomarkers for the following reasons (Olsen et al., 1986): (i) Ribosomal

RNAs are essential to protein synthesis, and therefore are ubiquitous to all organisms,

and structurally and functionally conserved ; (ii) ribosomal RNAs are readily isolated

and identified, (iii) they contain variable and highly conserved regions in both primary

and secondary structure, (iv) and they appear to change in sequence very slowly, and

they do not exhibit horizontal gene transfer found with many other prokayotic genes;

therefore relationships between rRNAs reflect evolutionary relationships. These traits



make rRNAs not only the most widely used biomarker, but also a powerful tool for

microbial ecology studies, particularly for complex terrestrial environments such as the

soil with enormous and undiscovered diversity.

Amongst a variety of cellular biomarkers studied, the SSU rRNA gene provides

certain aspects of information that makes it an extremely versatile tool and the best

culture-independent biomarker to study microorganisms. Each SSU rRNA gene contains

highly conserved regions found among all living organisms as well as unique variable

regions and hence diagnostic to certain organisms or related groups. Furthermore, the

primary structure of the approximately 1,500 base SSU rRNA gene allows the inference

of phylogenies based on comparative sequence analysis. By estimating the phylogenetic

relatedness to known microorganisms based on the homology of the gene sequence, the

closest affiliation of a newly isolated or molecularly detected microorganism can be

established. In combination with a large and growing SSU rRNA database,

microorganisms can be sorted according to their phylogenetic affiliation, and conversely,

gene probes can be constructed at different levels of specificity. To date, over 6,000

SSU rRNA sequences have been made available for comparison (Maidak et al., 1996).

As these databases rapidly expand, they constantly improve the process of matching

new sequences to known microorganisms.



4. Molecular microbial diversity of soils

Since the development and widespread application of the polymerase chain

reaction (PCR; Saiki et al., 1988), rRNA sequences can directly be obtained from lysed

cells, which has contributed to the exponential increase in known prokaryotic SSU

rRNA sequences in recent years (Fig. 2). Results from molecular ecological studies

within the last seven years from marine (Giovannoni et al., 1990; Schmidt et al., 1991;

Moyer et al., 1994), thermophilic (Weller et al., 1991; Ferris et al., 1996), terrestrial

(Liesack and Stackebrandt, 1992; Bomeman et al., 1996) environments and on

symbionts (Amann et al., 1991) documents the success of this strategy.

Several studies explored the microbial diversity of soil bacterial communities by

sequencing SSU rDNA clone libraries (Liesack et al., 1992; Ueda et al., 1995; Lee et al.,

1996; Bomeman et al., 1996, 1997; Kuske et al., 1997; Zhou et al., 1997; Ludwig et

al.,1997). In all cases, libraries were prepared by polymerase chain reaction

amplification (PCR) of rRNA genes directly from total soil genomic DNA. These

studies reveal extensive diversity of rRNA operons, and many examples of novel

sequences that are only distantly related to those known from cultivated species.

Differences between these studies are summarized in Table 1. None of the studies

reported duplicate sequences in the analyzed clone libraries, which supports the notion

of high diversity. While all the studies analyzed diversity of a particular soil site they

cannot readily be compared, because they either use PCR primer sets of unique
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specificity (Liesack et al., 1992; Rheims et al., 1996) or they analyze sequences in

different portions of the SSU rDNA.

The studies of soil community structure found to date tend to concentrate on the

relatively few most abundant species, but do not explore the rich variety of organisms

anticipated to occur in smaller numbers. These microorganisms may be important in

acting as a reservoir of different physiological types, which may respond by population

size increase following changes in the habitat. This would also imply a degree of builtin

redundancy in the microbial community. Some organisms likely are also remainders of

past conditions. Knowledge of the composition of this reservoir will allow us to

distinguish between a change in only the dominant community members and a shift of

the whole community. In the present study a different, more sensitive path to

investigate bacterial diversity of the soil was used, namely the application of a guanine

and cytosine (G+C) based fractionation of total soil DNA, and the use of only one G+C

fraction out of approximately 80 as the source of community DNA for SSU rDNA

studies (Fig.3). Since an underlying community structure was not revealed by analyzing

the total eubacterial rDNA, as was shown in this and all of the above mentioned SSU

rDNA library studies, total soil extracted DNA was first fractionated by its G+C

content using bis-benzimidazole and equilibrium centrifugation (Holben et al., 1994).

Thereafter, bacterial rDNA was amplified by PCR using universal eubacterial primers

from a fraction with high biomass (63% G+C), and a fraction of low biomass (35%

G+C). The rDNA clone libraries were screened by amplified ribosomal DNA restriction

analysis (ARDRA) to determine phylotype distribution. Similar restriction patterns
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were grouped into phylotypes by computer assisted cluster analysis to create rank-

abundance plots (Fig. 4). Only the nucleotide sequences of the three most dominant and

some ofthe rare clones were determined, and their phylogenetic affiliation identified by

comparative sequence analysis. The term “rare” is used here relative to dominant

community members, although we cannot speak of rarity in an ecosystem at a

sensitivity of 2104 cells per phylotype.

In addition to lowering diversity to a more manageable level, the G+C-based

fractionation of total soil DNA yields community profiles specific for each soil site.

Evidence from 3H-labeling experiments and G+C based fractionation of soil community

DNA indicates that activity and growth are not confined to a small fraction of the

bacterial biomass but are widespread amongst the genera represented in the profile

(Harris, 1994). Consequently, the two step rDNA analysis used here uncovered more

diversity than can be detected by the direct rDNA analysis of total community DNA.

The G+C separation step is also a means to detect less dominant organisms in a

community.

Since the structure of microbial communities in soil is made up of a high level of

prokaryotic diversity, sequencing large numbers of clones would be too costly and time-

consuming. The restriction analysis of amplified rDNA (ARDRA) is a tool for the fast

and reliable SSU-rDNA-based differentiation of a wide diversity of microorganisms

without sequencing. The generation of restriction patterns as fingerprints provides a

means for the stepwise exclusion of redundant clones, or for the quantification of

repeated patterns. Internet services exist (Herrnjakob, 1997; Kim et al., 1997) that
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Figure 4. Flowchart of the analytical procedure employed in this study: Soil DNA

extraction, fractionation and bacterial community fingerprinting of amplified

16S ribosomal DNA gene sequences and restriction endonuclease analysis

(ARDRA) of a clone library
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compare restriction patterns against a database of theoretical restriction patterns

generated form a 16S rDNA database (e.g. RPD database; Maidak et al., 1996). These

programs return a list of microorganisms whose computed theoretical restriction

patterns match the laboratory derived patterns.

5. Potential biases of SSU rDNA-based studies

The constructed libraries do not always reflect the existing total microbial

community, because, as with every method, bias might occur during its construction.

The intial step, sampling, could be biased. The clone library might not be representative

of the most successful community in this soil due to the potentially patchy distribution

of populations in clumps and aggregates in the soil sample. The mosticritical step in the

construction of a clone library is the extraction of nucleic acids from the ecosystem.

Isolated DNA should reflect the existing genetic diversity. But microbial cells do not

lyse equally well. Especially Gram positive cells might be underrepresentated in the

clone library due to their resistence to lysis. Some DNA might get lost during

purification treatment. Since previous research suggests (Holben, 1994) that direct lysis

recovers a more representative fraction of the genetic diversity than the alternative cell

extraction technique, this approach was applied in this study.

Another potential source of bias is the PCR reaction, where certain SSU rRNA

genes might preferentially be amplified (Amann et al., 1995). The primer sequences
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used in the PCR-mediated amplification of SSU rDNA should cover the phylogenetic

diversity present in the sample, but primers can only be as good as the databases on

which they are based. Our databases, however, are focused on economically important

strains, i. e. medical isolates, food and industry strains, and do not reflect the high

diversity of terrestrial and other environmental samples.

A third potential source of bias is the PCR coamplification of mixed genomes

which leads to the formation of chimeric SSU rDNA molecules (Liesack et al., 1991;

Wang et al., 1997). PCR-induced chimeras are formed by annealing of partial-length

fragments of different SSU rDNA genes via highly conserved regions. The following

primer independent elongation phase then creates full fiagments, thereby leading to

reports of nonexisting organisms.

A fourth factor that could influence selective recovery is copy number variation

of the rrn gene between bacterial species which could result in a quantitative

misrepresentation of the community profile. This renders clone numbers of low

abundance per phylotype unreliable for quantitative evaluation. Other, less important

sources of bias in DNA sequence-based analyses of natural communities have been

discussed extensively elsewhere (Ward et al., 1992; Stackebrandt et al., 1993; Liesack et

aL,1997)

In this study the following seven measures were implemented to reduce potential

bias formation: (i) Culturing biases were omitted by using a molecular approach. (ii)

Using the direct lysis method we were capable of extracting high yields of non-sheared

DNA. The fact that Gram negative as well as many Gram positive organisms were
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detected supports the notion that at least some of the reputed lysis resistant bacteria are

not underrepresented in the extracted DNA. The high molecular weight of the extracted

DNA reduces the probability of chimera formation. (iii) Since primers for the PCR-

based amplification of SSU rDNA were universal for conserved regions throughout the

entire (known) bacterial domain in the RDP database it is inferred that the mixture of

amplified SSU rDNA fragments is as diverse as the genomic DNA extracted. (iv) PCR

products were cloned directly in the vector to avoid the introduction of bias from

uneven vector to insert ratios needed in other cloning techniques. (v) Only 22 to 25 PCR

cycles were used to stay within the quantifiable linear range ofthe amplification reaction

series (Suzuki and Giovannoni, 1996). (vi) Soil DNA templates were denatured

immediately before adding them into the PCR reaction assay to free the target DNA

from potential contamination with persistent humic compounds, and to optimally

expose all target sites.

Despite the care taken in the design of this study, there are still method

limitations and biases inherent to each step in community analysis that will influence the

results and conclusions. Nevertheless, this study used currently available methods as

critically as possible with the present knowledge to minimize the introduction of

potential biases.
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PURPOSE AND GOAL OF THIS STUDY

This dissertation focuses on the analysis of microbial community composition in a

sequence of comparable Hawaiian soils except for differences of age and different

vegetative cover (Fig. 5). The goals of the present study were to (i) determine how a

major subsample of the soil microbial community changes with soil age, and (ii) to

assess the influence of environmental parameters soil age and vegetation on species

diversity and dominance structure. Nucleic acid based techniques were used to achieve

these goals. The G+C based fractionation of soil extracted DNA yielded patterns of the

entire soil microbial community that can be compared, and allowed the selective analysis

of soil community subsets. SSU rRNA genes were used as interpreters to distinguish

community diversity and community structure, and to describe dominant and rare

community members under the influence of soil age and vegetative cover. This study

does not attempt the complete comprehensive representation of community structure in

a soil, but rather uses around one hundred of the most successful members to be

compared between soils. The degree to which environmental parameters affect soil

microbial community structure has implications for both our understanding of soil

ecosystem structure and our management of soil as an ecosystem resource.
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OUTLINE AND THESIS DESIGN

This dissertation is divided into five chapters. This introduction constitutes the

first chapter. Chapter 2 describes the analysis of a young and geographically isolated

soil for its dominant and rare community members. This study advances the use of

G+C based fractionation of the total soil extracted DNA. By concentrating the

community structure analysis to two fractions, one within an area of low biomass the

other in the G+C range typically high in biomass, the level of sensitivity could be

lowered to determine dominance structures within subsets of the soil community. The

dominant biomass reflected by the 63% G+C fraction contained several dominant

phylotypes, while the community members that were less successful (35% G+C

fraction) did not show dominance but a very high diversity of phylotypes. Nucleotide

sequence analysis revealed taxa ofthe groups expected for the particular G+C contents,

and important validation for the method. Dominant phylotypes in the 63% fraction

were of the Pseudomonas, Rhizobium-Agrobacterium, and Rhodospirillum assemblages,

while all clones sequenced from the 35% fraction were affiliated with several

Clostridium assemblages. The two step rDNA analysis used here uncovered more

diversity than can be detected by the direct rDNA analysis of total community DNA.

The G+C separation step is also a means to detect less dominant organisms in a

community. Chapter 2 represents a manuscript published in Applied and

Environmental Microbiology (1998) under the authorship of K. Nfisslein and J. M.

Tiedje.

Chapter 3 is a comparison of two adjacent soils with the same long term history

but which now differ in their vegetative cover. The reliability of the G+C fractionation
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technique could be shown through statistical comparisons of repetitive experiments. A

strong shift in soil bacterial community composition was related to change in vegetation

cover. Sequence analysis of the three most dominant members revealed that their taxa

changed from Fibrobacter and Syntrophomonas assemblages to Burkholderia and

Rhizobium-Agrobacterium assemblages. The rare community members overlapped by

only 5% as determined by ARDRA analysis. This work represents the first evaluation

of the response of dominant and rare members of a soil microbial community structure

to a major environmental factor, plant type. Chapter 3 is currently a manuscript in

preparation for submission as a note to Applied and Environmental Microbiology under

the authorship of K. Niisslein and J. M. Tiedje.

Chapter 4 constitutes a study of the influence of soil age on the community

structure of a chronoseries of four Hawaiian rainforest soils ranging in age of parent

material from 200 y to 150,000 y. The analysis of the 63% G+C fractions

demonstrated that while dominance structures intensified with soil age, bacterial

diversity decreased. The most abundant phylotype at the oldest soil comprised

45(:t2)% of the bacterial clone library. Microbial diversity was found maximal at an

intermediate soil age, which correlated with extreme values in a variety of soil physical

and chemical parameters. The reproducibility of the technique to screen and analyze

clone libraries by their ARDRA pattern was shown by comparison of the identity of

dominant phylotypes in replicate samples. Chapter 4 is currently a manuscript in

preparation for submission to Ecology under the authorship of K. Nfisslein and J. M.

Tiedje.



CHAPTER2

CHARACTERIZATION OF THE DOMINANT AND RARE MEMBERS OF A

YOUNG HAWAIIAN SOIL BACTERIAL COMNIUNITY WITH SMALL-

SUBUNIT RIBOSOMAL DNA AMPLIFIED FROM DNA FRACTIONATED ON

THE BASIS OF ITS GUANINE AND CYTOSINE COMPOSITION
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The small-subunit ribosomal DNA (rDNA) diversity was found to be very high in a Hawaiian soil community

that might be expected to have lower diversity than the communities in continental soils because the Hawaiian

soil is geographically isolated and only 200 years old, is subjected to a constant climate, and harbors low plant

diversity. Since an underlying community structure could not be revealed by analyzing the total eubacterial

rDNA, we first fractionated the DNA on the basis of guanine-plus-cytosine (G+C) content by using his-

benzimidazole and equilibrium centrifugation and then analyzed the bacterial rDNA amplified from a fraction

with a high biomass (63% G+C fraction) and a fraction with a low biomass (35% G+C fraction). The rDNA

clone libraries were screened by amplified rDNA restriction analysis to determine phylotype distribution. The

dominant biomass reflected by the 63% G+C fraction contained several dominant phylotypes, while the

community members that were less successful (35% G+C fraction) did not show dominance but there was a

very high diversity of phylotypes. Nucleotide sequence analysis revealed taxa belonging to the groups expected

for the G+C contents used. The dominant phylotypes in the 63% G+C fraction were members of the

Psatdornonas, Rhizobium-Agrobacterium, and Rhodospirillum assemblages, while all of the clones sequenced

from the 35% G+C fraction were aliliated with several Clostrwium assemblages. The two-step rDNA analysis

used here uncovered more diversity than can be detected by direct rDNA analysis of total community DNA. The

G+C separation step is also a way to detect some of the less dominant organisms in a community.

 

Soil microbial communities remain some of the most difficult

communities to characterize due to their extreme phenotypic

and genotypic diversity. Estimates of the genotypic diversity in

these communities based on DNA renaturation experiments

suggest that there are 4 x 103 to 7 X 103 different genome

equivalents per g of soil (36), which, if extrapolated to species

diversity, suggests that there are perhaps 10’ or even more

Species per g of soil. Data from cultureobased methods also

suggest that there is high microbial diversity in soil, but these

methods are extremely biased (25, 32) and recover less than

1% of the viable community (3, 20. 36, 39). Molecular ap-

proaches in which rRNA sequences are used to determine the

composition of natural communities identify more of the entire

community. While these approaches also suffer from some

biases and lack resolution at the species level, previous rRNA

characterizations have confirmed that there is a high level of

bacterial diversity in soil communities (4, 20, 35. 38).

To ask meaningful questions about soil community compo-

sition, a more manageable level of diversity (lower diversity) is

needed. We sought to study a community with lower diversity

by focusing on a geographically isolated, young soil. namely,

soil formed from volcanic ash deposited 200 years ago on the

island of Hawaii. Due to the geographic isolation of the Ha-

waiian Islands, the diversity of the native fauna and flora is low

(6, 37). Furthermore, we used the site studied because it ex-

periences a constant annual climate, which could also lessen

‘ Corresponding author. Mailing address: Center for Microbial

Ecology, Plant and Soil Sciences Building, Michigan State University,

East Lansing, MI 48824-1325. Phone: (517) 353-9021. Fax: (517) 353-

2917. E-mail: tiedjej@pilot.msu.edu.

selection for diversity. The low level of diversity in the flora and

fauna has made the Hawaiian Islands an attractive site for

studies on radiation of species and invasion of alien species. If

the soil bacterial community is also less diverse for the same

reasons, not only would it be less complex to analyze, but it

would allow questions about soil community development to

be addressed. An additional advantage of the site selected was

the large amount of previously collected data on plant compo-

sition, ecosystem processes, and soil characteristics which was

available (6, 37).

We analyzed the soil bacterial community diversity of this

ZOO-year-old site by performing an amplified ribosomal DNA

(rDNA) restriction analysis of a PCR-amplified rDNA clone

library. The initial analysis revealed a diversity too great to be

captured in a reasonable number of clones analyzed (80 to 90

clones per soil sample). To lower the soil bacterial diversity to

a manageable level, we fractionated the soil DNA on the basis

of G+C content as described by Holben and Harris (12) and

(analyzed rDNA clones in two discrete fractions, a fraction with

1283

a large amount of DNA (the 63% G+C fraction) and a frac-

tion with a small amount of DNA (the 35% G+C fraction).

MATERIALS AND METHODS

Soil origin and soil sampling. Soil was collected from an undisturbed montane

rainforest on the island of Hawaii near Thurston Lava Tube on Kilauea Volcano.

within Volcano National Park (19‘25'N, 155°15'W). The site is dominated by the

native tree species Metrosideros polymorpha (which accounts for 91% of the

cover) and harbors a total of 34 vascular plant species (6). Several tree ferns form

the dominant native understory. which also includes Citobium spp.. Coprosoma

spp.. and Vaccinium claya'num. The site is fenced to keep feral pigs (Sus savfa)

out of the park. The sampling site is located at an elevation of 1.200 or. has a

mean annual air temperature of 16°C with very little variation (8). and has a

mean annual rainfall of 2.500 mm (10) which is well distributed throughout the
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year due to the relatively constant northeast trade winds (5). The sorl is a Hydric

Dystrandcpt developed on several tephra (volcanic ash) depositions ranging in

age from 200 to 400 years and is approximately 38 cm deep ('31). We removed the

litter and the first 1 cm of soil and sampled 7.5 cm of the upper layer. which was

dcposrted 200 years ago. The samples were collected on the perimeter of the

Vitousek group’s main study site (6). Duplicate soul samples (750 g each) were

packaged on site in sterile polypropylene bags and immediately put on ice. The

next day they were placed in dry ice coolers and shipped by express mail to

Michigan. where they were stored at -20°C. The soil moisture content was

dctermrned by drying soil overnight at 100°C. Soil mechanical and chemical

analyses were done at the Soil Analysis Laboratory. Michigan State University.

by using the methods described by Peck et al. (27).

DNA extraction and purification. Soil microbial DNA was extracted from 10 g

of soil by the direct lysis method of Holbcn (11), except that EDTA was not

included to reduce cocxtraction of humic compounds, a low shaker speed was

used to prevent extensive DNA shearing. the shaking time was extended to 45

min. and the phosphate concentration in the lysis butler was adjusted to 100 mM

to overcome the high phosphate absorption capacity of the young minerals. The

subsequent DNA purification was also modified to include agarosc gel purifica-

tion (0.4% agarose) and a single Microcon-IOO microcolumn (Amicon Corp.

Beverly. Mass.) passage of the excrscd and melted gel piece. followed by repeated

washing steps. The extraction efficiency was determined by comparing the

amount of DNA extracted with the amount of DNA expected. as calculated from

the dificrence between the direct microscopic counts of bacterial cells before and

after lysis. Bacterial cells were counted directly by computer-aided microscopic

counting procedures (43). For consistcnq. all counts were obtained by a single

investigator.

DNA was quantified by fluorometry (18) with a model TX 100 fiuorometer

(Hocfer Scientific Instruments. San Francisco. Calif.) by using the extended assay

protocol of the manufacturer. Five replicates were used to estimate DNA yields.

Known amounts of lambda phage DNA (Bochringcr Mannheim. Indianapolis.

Ind.) were used for all calibrations. The fluorescence intensity of DNA was also

estimated based on the relative intensities in agarosc gels of PCR amplification

products and restriction digests of known mass.

G+C fractionation technique. DNA fragments were separated on the basis of

G+C content by the procedure of Holbcn and Harris (12). Briefly. DNA was

mixed with bisbenzimidazole (Hoechst reagent no. 33258). which binds to ad-

enine and thymidine and changes the buoyant density of DNA in proportion to

its G+C content (40). A gradient of G+C concentrations was then established by

equilibrium density gradient ultracentrifugatton. and 0.2-ml fractions were col-

lected with a fraction collector. The DNA in each fraction was quantified by

spectrophotometry. and its G+C content was established by using a standard

curve relating G+C content to density. which was measured with a Bausch ‘5‘

Lamb refractometer. To make PCR amplification possible. bis-benzimide and

CsCl were removed from DNA fractions by five repeated extractions in C50-

saturated isopropanol. followed by spin column chromatography (Wizard PCR

Preps: Promega. Madison. Wis.) with two washing steps. A260 was determined

before and after purification to monitor for potential losses of DNA during the

purification procedure.

PCR amplification of SSU rRNA genes from soil DNA. Small-subunit (SSU)

rRNA genes were PCR amplified from purified soil DNA by using eubacterium-

specific primers fDl and rP2 of Weisburg et al. (41). PCR were performed with

Taq DNA polymerase (Bochringcr Mannheim) by using the manufacturer’s

protocol, an additional 400 ng of bOVine serum albumin (Sigma Chemical Co.. St.

Imus. Mo.) per pl. and a model 9600 thermal cycler (Perkin-Elmer Cetus.

Norwallt. Conn.) The protocol used consisted of an initial denaturation step

(94°C for 130 s) followed by 25 cycles consisting of denaturation at 94‘C for 60 5.

primer annealing at 55°C for 30 s. and elongation at 72‘C for 120 s plus an

additional 7-min cycle to finalize the chain reaction. Negative controls without

added DNA. as well as positive controls with pure culture genomic DNA. were

included in all PCR. Aliquots (3 ul) of the amplified products were separated in

a 0.9% agarosc gel by electrophoresis in 1x TAE buffer (22), the gel was stained

with ethidium bromide (500 ng/irl). and the bands were visualized by UV exci-

tation. The PCR products were stored at -20‘C.

To ensure that only soil bacterial rRNA genes were amplified, the followmg

font quality control steps were used: primer purity was established by high-

perforrnance liquid chromatography; oligonucleotide primers were prepared

fresh from lyophilized stocks for each use; preamplification heating was used to

maximize PCR sensitivity and Specificity (7); and the bovine serum albumin stock

solution and the commercial Taq DNA polymerase were tested for potential

contamination with bacterial nucleic acids (29).

Analysis of SSU rDNA clone library. The concentrations of PCR-amplified

SSU rRNA genes were determined by comparing the fluorescent-band intensi-

ties on agarose gels to the fluorescent-band intensities of known concentrations

of standard lambda DNA. Prior to cloning. the amplified SSU rDNA fragments

were purified by Spin column chromatography (Wizard PCR Miniprep; Pro-

mega). An equimolar amount of amplified PCR products was ligated to the

vector pCR ll (lnvitrogen. San Diego. Calif). Ligation and transformation into

Escherichia coli Top-10F competent cells were carried out according to the

manufacturer's protocol. A primer pair specifically designed to complement the

polylinlrer of the vector pCR ll (44) was used to amplify plasmid inserts directly

from the transforrnant cells for SSU rDNA gene screening. The following two
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types of negative controls were used in the amplification of clone inserts: controls

without target DNA added and controls in which untransformed cells were used

as a target. The PCR were performed as described above. except that the pnmcr

annealing temperature was higher (68°C). To screen for SSU rDNA diversity. the

amplified inserts were first digested ovcrntght at 37°C by adding 0.2 U of lel

and 0.2 L.‘ of Haelll (Gibco BRL. Gaithersburg. Md.) to 5 ul of the PCR product.

The resulting fragments were separated by gel electrophoresis in 3.5% Metaphor

agarosc (FMC Bioproducts. Rockland. Maine) in the presence of ethidium

bromide and fresh 1x TBE buficr (22) at 4'C and 5 Wm for 6 h. Clones with

identical restriction patterns were digested with two additional tetramcric rc-

striction endonucleases (0.2 U of Mspl and 0.2 U of Rsal). The similarities

between the electrophoretic patterns of restriction fragments were analyzed with

Gchompar software (Applied Maths. Kortrijk. Belgium). The cluster analysis

method used was comparative numerical analysis with the unweighted pair group

method using arithmetic averages (UPGMA). Individual clones were grouped by

using a cutoff of 97% similarity and a 5% error rate for the band position. The

diversities of the phylotypes in different samples were compared by rarefaction

analysis (13, 30).

DGGE. Denaturing gradient gel electrophoresis (DGGE) was performed as

previously described by Muyzer (24) with eubacterial PCR primers F-968 and

R-l401 of Nobel et al. (26). The parallel denaturing gradient was cast with

denaturing agent concentrations ranging from 0 to 60%. The fragments were

made visible by acidic silver staining.

Determination of nucleotide sequences and phylogenetic analysis. Amplified

SSU rDNA clone inserts were purified (Wizard PCR Preps: Promega) and

partially sequenced. Nucleotide sequences were determined by the fluorescent

DiDeoxy termination method by performing automated fluorescent Taq qcle

sequencing with the ABI Catalyst SOC-AB! 373A sequencing system (Applied

Brosystcms, Foster City. Calif). To ensure accuracy and to aid in chimera

detection. borh ends of the SSU rDNA molecule were sequenced with reverse

pnmers JSZ9R (5’-CGCGGCI‘GCTGGCAC-3') and rP2 (41). All sequences

were about 400 bases long and were aligned manually with sequences in the SU

database of the Ribosomal Database Project (RDP) (21) based on primary- and

secondary-structure considerations The results obtained were compared to

alignments obtained with Align Sequence. version 2.0, from the ARB sequence

analysis software package (33). Phylogenetic relationships were inferred by using

the neighbor-joining method (28) and the modified Jukcs-Cantor algorithm (16.

42). The robustness of the final rcpology was tested with the tree-building

methods PAUP (34) and fastDNAml (21). All phylogenetic assignman were

made and phylogenetic trees were constructed within the ARB software package

(33) by using version 5.0 of the RDP database (21). Only unambiguously aligned

regions were used for the sequence analysis (Table 1).

To detect potential chimeric artifacrs in the partial sequences of the 3' end and

the 5' end. as well as the entire SSU rDNA gene. two strategies were used. The

partial sequences that were around 400 bases long were (i) examined with the

CHECK_CHIMERA program oflcred by RDP (21) and. for comparison. (ii)

examined with the mglobalCl-II program offered by the USC Computational

Biology web site (17). To detect potential chimeric artifacts in a complete SSU

rDNA gene. the phylogenies determined from the sequences of the 3' ends and

the 5' ends were compared.

Nucleotide sequence accession numbers. The sequence data for Hawaiian

rainforest soil clones HRS-1 through HRS-23 have been deposited in the Gen-

Bank database under accession no. AF016514 to AF016533.

RESULTS

Soil analysis. The chemical analysis of the soil revealed a

composition quite typical for a very young soil compared to

similar but older forest soils. The soil organic matter content

was 3.1%, and the pH was 5.4. The soil nitrate N and ammonia

N contents were determined to be 0.2 and 3.6 rig/g, respec-

tively, while the total nitrogen content was 0.08%. The sand

particles had sharp faces, which indicated that there had been

little weathering and resulted in rapid water infiltration. The

hunric material had to be less than 200 years old, and hence its

chemical structure was different than that of typical soil humic

acid.

In this young tr0pical rainforest soil the cm ratio (a mea-

sure of biological activity in soils) was 16:1 (compared with a

global average of 14:1), suggesting that an active bacterial

community was present. This assumption was supported by

high leaf litter decomposition rates (37), as well as elevated in

situ mineralization and nitrification rates (6). The cation ex-

change capacity was low (10.8 meq/lOO g) due to primary

minerals.
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TABLE 1. Phylogenetic affiliations based on SSU rDNA genes of members of a Hawaiian rainforest soil bacterial community'

 

 

 

 

Relative Most closely related organism in RDP database ‘7” Similarity ‘0

Phylotype abundance Phylogenetic afiiliation mostlcloscly

(%l° Taxon RDP subdivision 0:: “F
gamsm

35% G+C fraction

HRS-l 6.8 Clostridia and their relatives [Closm'dium learnt] Clostridium novyi subgroup 80.6

HRS-2 6.8 Clostridia and their relatives [Clostridium Ietani] Clostridia”; novyi subgroup 76.1

HRS-3 6.8 Clostridia and their relatives Closmdium fallax Closmdium perfringens assemblage 92.9

HRS-4 6.8 Clostridia and their relatives Clostfidiwn fallax Clarrridium perfn'ngens assemblage 94.0

HRS-6 5 l Clostridia and their relatives Clostridium puniceum Closmdium buryricum subgroup 95.3

HRS-7 l 7 Clostridia and their relatives Clostridium buryn'cum Clash-121mm butyn'cum subgroup 94.7

HRS-8 1.7 Clostridia and their relatives Clostridia”: puniceum Clostridium butyricum subgroup 98.0

HRS-10 1.7 Clostridia and their relatives Clostridium beijerinckii Clostridium buryricum subgroup 98.5

HRS—21 1.7 Clostridia and their relatives Clostridium puniceum Clostridium buryn'cum subgroup 98.5

HRS-22 1.7 Clostridia and their relatives [Clostridium teranomorphum] Closnidium buryricum subgroup 80.0

63% G+C fraction

HRS—12 13.2 Alpha purple bacteria [Rhodopseudomonas viridis] Rhizobium-Agmbacreriwn group 82.6

HRS-13 10.5 Gamma purple bacteria Pseudomonassyrmsyrtngae Pseudomonas subgroup 97.9

HRS-16 7.9 Alpha purple bacteria Azospinllum lipoferum Rhodospirillum mbrum assemblage 88.0

HRS-17 1.3 Alpha purple bacteria Zoogloea mm' Brucella assemblage 90.4

HRS-18 1.3 Fibrobacter phylum Environmental strain MC Acidobacten‘um subdivision 93.2

03

HRS-19 1.3 BacilIrLr-Lacrobacillur [Bacillus flavorhermus] Bacillus megarerium group 80.3

subdivision

HRS-20 1.3 Delta purple bacteria Environmental strain FIE 20 Myxobacterium group W9

'Only unambiguously aligned regions were usedin the analysis

’ Relative abundance of clones belonging to a phylotype. calculated by dividing the number of clones belonging to the phylotype by the total number of clones

III-lined

‘ Brackets indicate that the taxonomic asignment of the closest relative is uncertain (level of similarity, less than 85%).

DNA extraction and purification. Direct microscopic cell

counts of soil smears before and after DNA extraction re-

vealed a high lysis efficiency, 91% I 3%. The lysis efficiency as

estimated by DNA yield was also high; 6.4 ug of DNA/g (dry

weight) of soil was recovered. compared to an expected DNA

yield of 5.8 ug/g, which was calculated by multiplying9 the mi-

croscopic bacterial cell counts (1.6 x 10 I 0.3 X 10g9cells/g)

by an average of 4 X 10'” g of DNA cell‘1 (9). Coextraction

of humic material prevented PCR amplification of SSU rRNA

genes if the standard purification protocol of Holben was used,

probably because of the unusual nature of the young humic

acids. Additional clean-up by preparative agarosc gel electro-

phoresis and an additional series of washing steps in a centrif-

ugal concentrator were needed to obtain DNA clean enough

for reliable amplification of the bacterial SSU rRNA genes.

Community G+C profile. A profile of the community com-

position was obtained based on the amounts of DNAs having

different G+C contents. The G+C contents of the majority of

the soil DNA were in the range from 52 to 68% (Fig. 1); this

included members of genera known to dominate soil bacterial

communities, including the genera Agrobacren‘um (57 to 63%

G+C),A1callgenes (56 to 63% G+C),Anhmbacter (63 to 69%

G+C), and Pseudomonas (58 to 66% G+C) (12). A rather

consistent but minor quantity of DNA was found with G+C

contents ranging from 30 to 50%, a range which is found in

members of soil genera like Streptococcus (35 to 40% G+C).

Clostridium (24 to 54% G+C), and Bacillus (32 to 69% G+C).

Compared with the community profiles of midwestem agricul-

tural soils, the main peak of the Hawaiian bacterial community

profile was shifted toward a lower G+C content (by approxi—

mately 4% G+C) (Fig. 1).

Phylotype abundance patterns. Agarose gel electrophoresis

revealed a clean band of SSU rRNA genes selectively ampli-

fied from purified soil-extracted DNA. The clones were di-

gested with restriction enzymes (amplified rDNA restriction

analysis) (Fig. 2) and sorted by cluster analysis. Of the 81

clones obtained from unfractionated soil DNA that tested pos-

itive for alpha-complementation of B-galactosidase, 67 con-

tained the 1.5-kb SSU rDNA insert. Primary restriction with

Hull] and Hhal resulted in 64 difierent restriction patterns

(Fig. 2 and 3A), indicating that there was a high level of

diversity. Clones with similar restriction patterns were not dif-

ferentiated when the preparations were further digested with a

combination of Mspl and Rsal. The two patterns that were

repeated each accounted for only 3% of all of the SSU rDNA

clones, while the remaining 60 patterns were each represented
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by the G+C content of its DNA. The bacterial community profile of a mid-

Michigan agricultural soilis included for comparison (12)
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2. Restriction patterns of amplified SSU rRNA clones in the 63% G+C fraction after restriction digestion with Ham and ”MI. Plasmid pBR322 digested

with Haelll (marker V) was used as a DNA size marker.

by a single clone (Fig. 3A). In order to reduce this diversity to

a more manageable level, two G+C content fractions (35 and

63% G+C fractions) of the whole community DNA were used

in a similar analysis. We chose the 63% G+C fraction because

it was located within the major peak of DNA abundance typ-

ically found in temperate region soils. The second fraction, the

35% G+C fraction, was chosen randomly to represent a

tion of the minor members of the community (Fig. 1). Table 1

shows the relative abundance of selected clones as a measure

of dominance relative to the entire clone library examined. The

63% G+C fraction produced 46 diflerent patterns for the 76
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Phylolypes

. 3. Frequenq' distribution of SSU rDNA gene phylotypes (restriction

patterns) from the total soil DNA (A). the 35% G+C fraction (B), and the 63%

G+C fraction (C) of a young Hawaiian soil. The profiles are based on results

obtained after digestion with tetrameric restriction endonucleases Hulll plus

Him] and Mrpl plus Rsal.

 

clones examined (Fig. 3C). Eleven of these patterns were rep-

resented by two or more clones, which together accounted for

54% of the clones investigated. The three most dominant re-

striction patterns, patterns 1, 2, and 3, accounted for 13, 11,

and 8%, respectively of the SSU rDNA inserts analyzed. The

35% G+C fraction produced 47 different patterns for the 59

clones examined (Fig. 313). Only seven of these patterns were

represented by two or more clones, and they accounted for

32% of the clones examined. The two most dominant patterns

each represented 7% of the SSU rDNA insert diversity in this

fraction. In both fractions together only two clones with similar

resn'iction patterns were differentiated when the preparations

were digested with the second restriction endonuclease pair,

MspI plus RsaI.

The quantitative effect of using a fraction of the community

DNA instead of the total community DNA on the diversity of

phylotypes was evaluated by rarefaction analysis. Given the

species abundance distribution of a clone library, rarefaction

gives estimates of the species richness of subsamples taken

from it. This analysis verified that the unfractionated DNA

contained too many phylotypes to reveal any structure but that

fractionation of the DNA on the basis of G+C content did

reduce the diversity to a level at which structures of dominance

could be detected; the data also suggested that the phylotype

sampling in the two fractions was far from complete (Fig. 4).

DGGE analysis. The abundance of particular SSU rDNA

clones in our clone library may not represent the actual quan-

titative abundance of the clones in the soil sample due to a

PCR or cloning bias. To assess this, we used DGGE to deter-

mine whether the dominant phylotypes in the clone library

corresponded to well-represented phylotypes on DGGE gels

of community DNA. Parallel analysis by DGGE of the two

G+C fractions and dominant clones from the two fractions

revealed that the intensely stained bands in the community

DNAin each G+C fraction (indicating strong representation)

corresponded to the bands obtained from the individual clones
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FIG. 4. Rarefaction urn/es for the phylotypes found in total soil DNA and in

the 35 and 63% G+C fractions of a Hawaiian soil. The expected numbers of

phylotypes calculated from a random sample of individuals taken from the total

population of phylotypes are shown on the y axis.

(Fig. 5). Even though phylogenetically unrelated strains can

have bands with the same R, value due to identical melting

behavior of the SSU rDNA fragment, it is unlikely that a strain

other than the one detected was both strongly represented and

had the same R, value.

Sequence analysis. Two representative clones of the five

dominant phylotypes from both abundance profiles (Fig. 3)

and selected rare individuals were used for a partial sequenc-

ing and phylogenetic characterization analysis. This analysis

revealed corresponding phylogenetic affiliations for clones be-

longing to the same phylo (e.g., clones HRS-1 and HRS-2

and clones HRS-3 and HRS-4) (Table 1), although the clones

varied somewhat in sequence similarity (not all matching pairs

are shownin Table 1) Of the 23 clones sequenced 20 were

members of the domain Bacteria, while three clones were dis-

missed as possible chimeras. The phylogenetic afliliations and

closest relatives in the RDP database are shown in Table 1.

Figure 6 illustrates the phylogenetic relationships among some

of the 35% G+C fraction clones. Several of the clostridial

clones are closely related to each other. The phylogenetic

afliliations of particular clones and their levels of abundance

are summarized in Fig. 7. None of the clones exhibited an exact

match with any of the SSU rDNA sequences found in the

databases. In particular, clone HRS-18, which is related to the

Acidobacraium subdivision, confirmed that novel taxa discov-

ered previously in other molecular surveys of soil were present

(20).

DISCUSSION

Geographic isolation, young age (200 years), constant cli-

mate, and low diversity of plant species did not reduce the

microbial diversity in the soil studied to an extent that revealed

more than two instances of resampling of the same eubacterial

phylotype in a 70-clone library. Hence, the diversity was too

great to reveal underlying community structure by this method.

Similarly, Bomeman et al. (4) found only 4% duplicates among

124 soil rDNA clones from an older continental soil. One

approach to reduce complexity is to limit the study to only

certain subsets of the community, an approach typically used

by macroecologists. We attempted to do this by analyzing

rDNA fractions having certain G+C contents since particular

bacterial taxa have characteristic G+C contents. Clone librarv
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FIG. 5. DGGE analysis of SSU rDNA fragments (length. 434 bp) obtained

after PCR amplification of the 35 and 63% 6+C fractions of soil DNA and

individual SSU rDNA clones from the clone libraries that were most frequent as

determined by amplified rDNA restrictionnanalysrsislane 1 clone HRS-2 of the

35% G+C fraction; lane 2. 35% G+C fraction; lane 4 63% G+C fraction: lane

5. clone HRS-12 ofthe 63% 0+" franinnl am

bacterial genomic DNAs as a marker and positive control. The figure is a

negative image of a silver--staine DGGE separation pattern. The arrows indicate

 

tive soil DNA fractions. PCR products obtained from some strains (lane 5)

produced more than one band due to sequence heterogeneities of 165 rRNA

operons (24).

ies obtained from pooled DNA fractions (e.g., DNAs having

G+C contents of 61 to 65%) still contained few repeated

phylotypes (data not shown), but samples from one of these

fractions (e.g., the 63% G+C fraction) contained more re-

peated phylotypes, indicating that more complete coverage of

the rDNA types in this sample was obtained. Rarefaction anal-

ysis also indicated that there was reduced diversity in the in-

dividual G+C fractions compared to the total DNA, especially

the 63% G+C fraction. but that rDNA diversity wu far from

exhausted in a 76-clone library of this fraction (Fig. 4). Hence,

separation on the basis of G+C content revealed new diversity

and provided evidence that soil rDNA diversity is much greater

than the diversity that is revealed by eubacterial clone libraries

of total community DNA. This estimate of greater soil rDNA

diversity supports the high level of bacterial diversity estimated

by Torsvik et al. (36) based on rates of soil DNA reannealing

The G+C content separation method also offers a way to

enrich for rarer members of the community since DNAs having

other G+C contents. especially DNAs of dominant types, can

be removed by separating the DNAs into dilIerent fractions.

Dominance of phylotypes was observed in the 63% G+C

fraction but not in the 35% fraction. This difference is consis-

tent with the ecological prediction that the most dominant
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FIG. 6. Phylogenetic relationships of the most closely related SSU rDNA

clones from the 35% G+C fraction of the young Hawaiian soil used. Evolutioln-

ary dis nces were determined by maximum--liltelihood analysis. Bar:

substitution per base position. env., environmental clone.

biomass (i.e., the 58 to 65% G+C fraction) reflects the most

competitive organisms, which consist of fewer species (19). The

lack of dominant phylotypes in the less successful fractions

(e.g., the 35% G+C fraction) is consistent with the expectation

that the diversity in the secondary populations is greater (14).

The nucleotide sequence analysis of the rDNA clones iden-

tified taxa that were expected for DNAs having G+C contents

of 63 and 35%. Since G+C content is more conservedin the

mt operon thanin the genome as a whole (39), the separation

method must be driven primarily by the G+C content of the

flanking DNA. The DNA fragments obtained by the DNA

isolation method used were usually more than 20 kb long.

The aerobic bacteria most often cultured from soil (e.g.,

members of the genera Anhrobacter, Pseudomonas, and Burk-

holden‘a) have the same G+C contents as the most dominant

biomass, as determined from the DNA data. Since only a low

percentage of soil bacteria can be cultivated, these data suggest

that the majority of the unculturable types must have DNA

G+C contents of 55 to 68.o, and hence these organisms are

either close relatives of the typical culturable forms or are new

types buthave G+C contents in thisranrane.g

Finding a large diversity of clostridia'in the 35% G+C frac-

tion was initially unexpected since the site usedrs well drained

with high aeration and porosity (Fig. 6). However, the high

rainfall throughout the year and the young organic matter

could provide anaerobic microsites for growth of the clostridial

community (1), and bird feces is one of the most feasrble

inoculum sources for this group.

The microbial colonization of the young Hawaiian soil ex-

amined by very diverse phylotypesrs not easily explained es-

pecially considering the very high rDNA diversity in the G+C

fractions. The geographic isolation of the Hawaiian Islands

certainly limited colonization by plants (seed dispersal), in-

sects, and other organisms, including humans (until 500 AD).

Bacterial colonization of soil could have resulted from avian

transport, including avian fecal introductions, from seawater

spray, or from aerial transport. Aerial transport has been con-

sidered very inefficient due to poor microbial survival caused

by long exposure to UV light, desiccation, and the likely fallout

of any microbe-associated soil particles during transport from

Asia (more than 10,000 km). Recently, however, sand grains

from sandstorms in the Gobi Desert and loess plateau regions
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FIG. 7. Phylogenetic affiliation of the dominant and rare phylotypes identi-

fied in phylotype abundance distribution profiles for the 35 and 63% G+C

fractions of Hawaiian soil. The numbers indicate the designations of the clones

that were analyzed (1, HRS—l; 2,HRS--2.etc). Abbreviations. Clos., Closm‘dt'um;

los. butyr.,Closaidiumbutyr-rcum; Agrvbcct.,Agrobacwium; Pseudom, Pseudo-

Mr' ;Acr'dobact. Subdiv., Aadobacmiumy subdivi~

sion;wBac-Lacrabac. Subdiv., Bacillus-Lactobaa'llm subdivision, Bac., Bacillus.

of central People’s Republic of China were tracked to Hawaii,

even though the density and the size of the sand grains sug-

gested that they should have been deposited long before they

reached Hawaii (2, 15,23). Regardless of the sources of bac-

terial colonization of Hawaiian soil, the soil communities ap-

pear to be unexpectedly complex, but this does not mean that

they display the full complement of microbial types or diversity

found in montane rainforest soils of continental environments.

Studies such as this one, performed by using PCR amplifi-

cation of SSU rDNA genes from community-derived DNA.

should never be assumed to be comprehensive because of

well-known biases (17, 39). In particular, they are likely to

reflect rm operons that are more readily PCR amplifiable.

Nevertheless, this study supports the notion that even young

terrestrial environments exhibit enormous diversity and con-

tain novel, uncultivated organisms.
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CHAPTER 3

SOIL BACTERIAL COMMUNITY SHIFT LINKED TO CHANGE

FROM FOREST TO PASTURE VEGETATION IN A TROPICAL SOIL

ABSTRACT

The change in vegetative cover of a Hawaiian soil from forest to pasture led to

significant changes in the composition of the soil bacterial community. DNA was

extracted from both soils and compared by the abundance of its guanine and cytosine

(G+C) composition, by analysis of abundance of phylotypes of small-subunit

ribosomal DNA (SSU rDNA) amplified from 63% and 35% G+C fractions, and by

phylogenetic analysis of the dominant rDNA clones in the 63% G+C fiaction. All three

methods showed differences between sites that were greater than within sites, providing

evidence that vegetation had a strong influence on microbial community composition at

several levels of taxon resolution. The forest soil DNA had a peak in G+C content of

61% while the DNA of the pasture soil was shifted to higher G+C content with a peak

at 67%. The phylotype abundance profiles of the 63% G+C fractions showed more

dominance in the forest soil and greater phylotype richness at the pasture soil. None of

the dominant phylotypes found in the forest soil could be detected in the pasture soil.

34
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In the 63% G+C fraction sequence analysis of the three most dominant members

revealed that their taxa changed from Fibrobacter and Syntrophomonas assemblages in

the forest soil to Burkholderia and Rhizobium-Agrobacterium assemblages in the

pasture soil.

INTRODUCTION

Dispersal of inoculum and selective forces for growth provided by the

environment are the two main factors which determine which organisms dominate a

habitat. Vegetation is one environmental factor thought to be a major determinant of the

composition of the soil microbial community since it provides the primary resource for

heterotrophic growth. Since different plant species are comprised of different carbon

compounds, different microorganisms might be expected to grow in different plant

communities. Furthermore, the plant may alter other physical and chemical features of

the soil and hence favor the growth of different species. Little data exists, however, on

the influence of vegetation on the composition of soil microbial communities.

We investigated the influence of vegetative cover on the structure and

composition of a microbial community developed in a volcanic ash soil on the Big Island

of Hawaii. Because of its young age and geographic isolation, Hawaii is depapurate in

macrobiological species providing a simpler ecosystem for study. Two adjacent soils

from the Kohala region were compared, one which has been continuously covered by a
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native tropical forest, and the other covered by a grass pasture, which replaced the rain

forest approximately 80 years ago. DNA based methods were used rather than culturing

methods to compare the soil communities since they better recover the dominant

prokaryotic populations. Furthermore, community DNA allows analysis at different

levels of taxon resolution and provides more quantitative comparisons than culture

based methods. The three levels of resolution used in order of increasing specificity and

decreasing comprehensiveness are as follows. First, community DNA was fractionated

by its guanine and cytosine (G+C) content and the amount of DNA of each G+C

content quantified. Second, DNA fractions of two different G+C contents, one from a

fraction of high biomass (63% G+C) and the other of low biomass (35% G+C) were

then selected for analysis of small subunit ribosomal RNA (SSUrRNA) genes amplified

by PCR. The rDNA clone libraries were screened by amplified ribosomal DNA

restriction analysis (ARDRA) to determine pattern abundance profiles. Third, the

dominant clones in the 63% biomass fraction from each soil were fully sequenced and

analyzed phylogenetically. Together these three methods provide information at

different levels of resolution on similarities and differences in the microbial communities

from the two soils. Differences in the bacterial community due to vegetation were seen

by all three methods.
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MATERIALS & METHODS

Soil origin and sampling. The soil is located within the Kohala Forest

Reserve on the Big Island of Hawaii (lat/long. 20°03’/155°41’) and has never been

cleared by humans. The forest site is the same as the Kohala site in Vitousek’s

chronosequence (Chapters 2 and 4). The pasture site was cleared in the 1920’s for

ranchland, and lies immediately adjacent to the Kohala rainforest. The distance between

sampling sites was approximately 100m. The pasture was seeded with the Afi'ican

grass, Pennisetum clandestinum, which now dominates this species-poor site. Cattle

graze the pasture.

The parent material of this Typic Placandept is a volcanic ash deposit, tephra,

and is 150,000 years old. The sampling sites are at 1122 m elevation which corresponds

to a mean annual air temperature of 16°C (Atlas of Hawaii, 1983). The mean annual

rainfall is near 2500 mm (Giambelluca et al., 1986). The pristine closed canope

rainforest is mono- dominated (83% cover) by the native tree Metrosideros polymorpha,

the most widespread tree on the Hawaiian islands (Kitayama et al., 1996). The well

developed understory vegetation is dominated by native tree ferns Cibotium spp. (25%

cover). Other genera of trees and shrubs at this site are Cheirodendron (18% cover), the

understory tree Coprosoma (4% cover), and the shrub Vaccinium (2% cover), account

for most of the remaining cover (Crews et al., 1995). The exotic plant species Psidium

cattleianum and Hedychium garnerianum were also present in low abundance (Riley and

Vitousek, 1995). The total number of vascular plant species per 0.2 ha is 53, while the
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native plant species diversity is 45 (Crews et al., 1995). This compares to about 140

vascular plant species per 0.2 ha in temperate forests (Huston, 1993).

Soil samples were taken from the upper 8-10 cm of the umbric A horizon after

removing the overlaying organic root and litter layer, and placed immediately on wet ice.

After 48 h samples were shipped on dry ice to our laboratory in Michigan and stored at

-20°C. The soil moisture content was determined by drying soil overnight at 100°C.

Soil mechanical and chemical analyses were done by the Soil Analysis Laboratory,

Michigan State University, using the methods described in Peck et al. (1988).

DNA extraction and purification. DNA was extracted from 10 g of soil using

the direct lysis method of Holben (1994) with the modifications previously described

for the Hawaiian soils (Chapter 2). Extraction efficiency was determined by comparing

the amount of DNA extracted with the amount of DNA expected calculated from the

difference in direct microscopic counts of bacterial cells before and after lysis. DNA

was quantified by fluorometry (Chapter 2; Glasel, 1995). The amount of extracellular

DNA was determined following extraction with sodium phosphate before lysis (Chapter

4).

G+C fractionation technique. DNA fragments were separated according

to G+C content following the procedure of Holben and Harris (1995). Briefly, DNA

was mixed with the A-T specific dye bis-benzimidazole, and the bouyant density of the

resulting DNA-bisbenzimide complex is decreased in proportion to the amount of dye

bound. A gradient of%G+C concentration was then established by equilibrium density

gradient ultracentrifugation. The amount of DNA in each fraction was determined by
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absorption spectroscopy. DNA fractions were purified from the CsCl and the dye as

previously described (Chapter 2) to allow PCR amplification. To verify the reliability

of the G+C fi'actionation curves, repetitive analysis was done with two samples from

the same soil sampling bag.

rRNA analysis. Small subunit rRNA (SSU rRNA) genes were amplified

by PCR from purified soil DNA using the eubacteria specific primers fDl and rP2 of

Weisburg et al. (1991). PCR reactions were performed with Taq DNA polymerase

(Boehringer Mannheim, Indianapolis, Ind.) according to the manufacturer's protocol and

added quality control steps to ensure only soil bacterial rRNA genes were amplified

(Chapter 2). Amplified products were separated in agarose gels, and the bands

visualized by UV excitation after ethidium bromide staining. Prior to cloning, the

amplified SSU rDNA fragments were purified by spin column chromatography

(WizardTM PCR Miniprep; Promega, Madison, Wis), and an equimolar amount of

amplified PCR products was ligated to the vector pCRTM II (Invitrogen Corp., Carlsbad,

Cal.) and transformed into Escherichia coli Top-10F’ competent cells. A primer pair

specifically designed to complement the polylinker of the vector pCRTM II was used to

amplify plasmid inserts directly from the transformant cells for SSU rDNA gene

screening (Zhou etal., 1997). To screen for SSU rDNA diversity, the amplified inserts

were digested with two sets of tetramcric restriction endonucleases, HaeIII and Hhal,

MspI and RsaI (Chapter 2). The resulting fragments were electrophoretically resolved

and the similarities between the electrophoretic patterns were analyzed using

GelComparTM (Applied Mathematics, Belgium)- cluster analyses by comparative
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numerical analysis using UPGMA (Unweighted pair-group method using arithmetic

averages). Individual clones were grouped using a cut off of 97% similarity and a 5%

error rate for the band position. Each different pattern is termed a phylotype.

Determination of nucleotide sequences and phylogenetic analysis.

Purified SSU rDNA clone inserts were sequenced in both directions with the fluorescent

DiDeoxyTM termination method using automated fluorescent Taq cycle sequencing on

the ABI Catalyst 800 and ABI 373A sequencing system (Applied Biosystems, Forester

City, Calif). The forward primer was LFPl (Weisburg et al., 1991), the reverse primer

1529R (Weisburg et al., 1991) which targets a conserved region (positions 515-529 in E.

coli numbering). All sequences were aligned, and phylogenetic relationships were

inferred (Chapter 2). Only unambiguously aligned nucleotide positions were used for

the sequence analysis. Potential chimeric artifacts were evaluated by

CHECK_CHIMERA (Maidak et al., 1996), and mglobalCHI (Komatsoulis and

Waterman, 1997). Furthermore, any ARDRA restriction pattern seen more than once is

strong evidence against that clone pattern being from a chimera.
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RESULTS

Changes in soil characteristics. The shift in vegetative cover to pasture

caused some changes in soil properties including a decrease in soil acidity and organic

carbon, and an increase in bulk density (Tablel). The higher cation exchange capacity in

the forest soil is likely due to its higher soil organic matter content.

G+C profiles. The G+C profile of soil DNA was shifted to significantly higher

G+C DNA with the change from forest to pasture (Fig. 1). The majority of soil DNA

was in the 55% to 70% G+C range for both soils but the major peak was 61% G+C for

the foreSt soil DNA and 67% G+C for the pasture soil. The pasture soil community

exhibited an additional peak in the 42 to 45% G+C range, and displayed a small peak of

71% G+C. DNA extracted from replicate soil samples showed repeated profiles such

that within site variation was much less than differences between the two sites. The

standard deviations of the mean curve differences for the forest and pasture soil

communities were small, 5 = 0.14 and s = 0.27, respectively (Fig. 1).

Phylotype replication within and between sites. The same phylotypes were

observed from replicate soil samples for the three dominant phylotypes in seven of the

nine cases for the forest and the pasture soils (Fig.2, dots). Examples of ARDRA data

documenting the same phylotypes in replicates of the pasture soil as well as different

phylotyes are shown in Figure 3. There was no overlap in dominant phylotypes

between forest and pasture samples, suggesting that the populations were different

between the two sites. Non dominant phylotypes were very different even between
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Table 1. Differences in soil properties between the Kohala forest and pasture soils

 

 

Soil parameter Forest soil Pasture soil

Soil classification Typic Placandept Typic Placandept

pH 4.2 5.2

Total carbon (%) 13.5 8.1

Total nitrogen (%) 1.5 ND

NO3'-N (pg/g) 2.2 5.6

NHf-N (pg/g) 83.3 22.4

CEC (meq/100 g) 89.3 51.9

Soil bulk density (g/cm3) 0.498“ 0.587

Dominating plant Metrosideros Pennisetum

polymorpha" clandestinum‘
 

’3 Data from Crews et al., 1995

b the overstory is dominated by Metrosideros polymorpha, a native C-3 tree

c the plant Pennisetum clandestinum is an African C-4 grass
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Figure 2. Frequency distribution of ssu rdna gene phylotypes from the 63% G+C

fractions (A) and the 35% G+C fractions (B) fi'om the rainforest and pasture

soils. Each graph shows the median and range (bars) of data oftwo replicates.

Solid dots (0) are placed above the phylotype which were identical in pattern

and rank for the two replicates. A replicate of the 35% G+C pasture sample

was not available.
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replicates of the same vegetation type which lends support to the assumption that the

establishment of a clone library is a random rather than a biased process. Patterns of

rare clones (n=l) within the replicates of the 63% G+C pasture community overlapped

by 22% while the rare clones of the corresponding forest community replicates

overlapped by 12%. Only seven of the rare phylotypes overlapped between the two

vegetation types. The two most dominant patterns of the 35% G+C fraction of the

forest had very low frequencies of only 6.5(i2.5)% and 4.5(i0.5)%, but were found in

both replicates. There was only 4% overlap for the remaining patterns within the forest

replicates.

The phylotype abundance curves (Fig.2) of both the forest and pasture soil

replicates could be repeated successfully with very low standard deviation. The two

profiles of the 63% fraction of the forest soil were similar, i. e. 94% of all data fell within

a single standard deviation range of i1.17 of the mean curve difference. The

corresponding numbers for the pasture profiles at 63% were 93% at $0.77, and for the

35% G+C forest samples 98% at i061.

Changes in the ARDRA community profile. Microbial rDNA diversity in

the 63% G+C fraction differed between the pasture and the forest soil. The phylotype

and nucleotide sequence analysis showed that the dominant strains had shifted to

different, unrelated taxa. The rank abundance profiles of the 63% G+C fiactions are

separated by the stronger trend for dominance in the forest soil, but the much greater

phylotype richness in the pasture soil (Fig. 2). The four most dominant members

contribute 77%(i6) of the forest soil community while they represent about half
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(47%[i3]) of the pasture soil community. With 62(i4) phylotypes the pasture had a

phylotype richness which was almost 2.2(i0.4) times higher than for the forest soil.

The difference in abundance within the four most dominant phylotypes is more

prominent in the forest soil community. Clones of the first phylotype are almost three

times as abundant as the next group while the respective difference in the pasture clones

is under 60% (Fig. 2A).

The pasture soil displayed a prominent dominance structure of the first three

phylotypes from the 35% G+C fraction (Fig. 2B), while both replicates of the forest

soil show no significant dominance pattern with no phylotype frequency over 10%.

The three most dominant members represent 47% of the pasture community, and only

about one third (15%[2t3]) of the forest soil community. The phylotype richness of the

35% G+C fraction was about 43%(i4) higher than for the forest soil.

rDNA sequence analysis. One clone of each of the three dominant phylotypes

was sequenced. Most clones sequenced were only distantly related to known sequences

(Table 2). The dominant clones from the two vegetation types were very different

representing two very different phyla, Fibrobacter and Proteobacter. Many of the

phyla within the Fibrobacter group were dissimilar from each other (Table 3) while

those within the Proteobacteria were affiliated with Burkholderia and more similar to

each other (Tables 2 and 3).
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Figure 3. An ARDRA profile following double digestion with HaeIII and HhaI of

clones form the 63% fraction of the pasture soil. Similar patterns can be seen

for three groups of clones, each found in both replicates: lanes 2,5,15;

6,7,8,10,l4,l7, and 9,11,12. Lanes 1 to 8 are from replicate A and lanes 9 to

18 from replicate B. Plasmid pBR322 digested with HaeIII was used as a size

marker (M).
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Table 3. Evolutionary distances among SSU rDNA clones from dominant members of

the 63%G+C soil bacterial community from the rainforest and pasture soils.

The numbers represent percent SSU rDNA nucleotide sequence similarity.

A. Fibrobacter /Acidobacterium group

 

Clonea Evolutionary distance

for clone number”:

 

l 2 3 4 5

 

1.HRS-46 -

2. HRS-47 89.6 -

3.1-IRS-50 90.0 82.3 -

4. HRS-55 75.7 70.0 78.5 -

5. HRS-56 77.6 72.2 79.2 98.7 -

 

B. Burkholderia group

 

Clonea Evolutionary distance

for clone number“:

 

 

1. HPS-45 -

2. HPS-52 99.6 -

3. HPS-54 98.0 99.0 -

4. HPS-6l 97.0 97.0 97.2 -

 

a Organisms are represented by respective

numbers in header.
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DISCUSSION

The high microbial diversity even in this young, isolated Hawaiian soil makes the

detection and analysis of community components challenging. The molecular methods

used here, however, were able to distinguish clear differences in the microbial

community between the forest and pasture soil.

Because of the high microbial diversity in soil, distinguishing statistically

between inter versus intra sites is often very difficult. In this study replicate samples

analyzed by G+C profile, ARDRA abundance patterns and rDNA sequence analysis all

showed greater reproducible intra site results and significantly different results between

sites. Hence, these methods may generally be useful to distinguish differences between

soil microbial communities. It is also important that these methods analyze the

community at different levels of resolution and different levels of comprehensiveness.

The G+C method provides an analysis at a coarser level of taxon distinction but is

comprehensive for all DNA, while the rDNA analysis is effective to nearly species level

but can only be done for arnplifiable and selected dominant members. Hence, together

they form a complementary suite to better analyze community differences.

The change in vegetation type altered bacterial community composition and

increased diversity at least as revealed by the methods used here. The shift in the soil

bacterial community could be a result of either the disturbance of the clear cutting in the

1920’s, or the switch from forest to pasture, or both. A radical change in vegetation like

the replacement of a rainforest with a pasture certainly constitutes a major shift of the
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soil environment, especially in carbon sources for the microbes, and brings along a

change in soil properties like a decrease in soil acidity and an increase in bulk density

(Table 1) similar to those found in other ecological studies (Reiners et al., 1994; Spaans

et al., 1989). Furthermore, cattle graze in the pasture site while wild pigs disturb the

forest soil site. Hence there are both primary and secondary factors associated with the

vegetation shift that could be important determinants of the current microbial

communities. For my study of the chronosequence of similar soils on the big island of

Hawaii, I found that strong rDNA dominance patterns developed with soil age (Chapter

4). This dominance pattern was found in the 150,000 year old forest soil investigated,

but not in the 20,000 year or younger forest soils. However, the pattern of dominance

in the 63% G+C fraction of the pasture, which was established only eighty years ago,

developed a shape similar to the forest community (Fig. 2A). I therefore conclude that

the change in vegetation is most likely the factor responsible for the community to shift,

not disturbance. The dominance pattern in these fractions retain a similar shape,

although the decline in the first seven phylotypes of the pasture community is more

harmonic than the respective group from the forest profile. Perhaps the older forest

community has a more established system of specialists with defined niches, while the

young pasture soil has a successional competition profile which is typical for lesser

developed systems. However, the number of rare members in the pasture community is

unusually high compared to macroecological systems, which indicates no or limited

competition among soil bacteria (Zhou et al. , 1997). The significantly increased number

of phylotypes in the 63% G+C fraction of the pasture soil suggests that the change in
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vegetation type limited competition between the community members by opening more

niches to an already highly diverse community (Fig. 2A). Hence, I reject the assumption

of successional competition.

This proposed change in niches conceivably caused the observed change of

dominant phyla as inferred from rDNA sequences in the 63% G+C fraction. The

dominant taxa were from the Fibrobacter phylum in the forest soil and from the

Proteobacteria in the pasture soil. A statement about the change in the phylotypes

amongst the rare members cannot be made due to the extremely high bacterial diversity

found in soils. I assume a random selection as the underlying principle of our clone

libraries, hence any mixture of soil bacterial SSU rRNA clones can make up this

selection. A supporting argument to the niche addition theory is that community

diversity increases even though the relative amount of contributing community DNA is

lowered from the forest to the pasture soil (Fig. 1).

The application of molecular tools to analyze the soil bacterial community

described here enabled us not only to look at bacterial community profiles at several

levels of resolution, but also to investigate the dominant as well as some rare members

within these communities. The results support the common notion that terrestrial

environments exhibit enormous diversity, and contain novel, uncultivated organisms. A

more refined picture of the phylotype abundance distribution within this community

could be gained by complete sequence analysis of all SSU rDNA inserts in the clone

libraries, but this is too costly. Furthermore, potential biases would always limit the

interpretation. To minimize bias, I have used the best available methods at present as

critically as possible.



CHAPTER4

SOIL MICROBIAL COMMUNITY DEVELOPMENT

AS INFLUENCED BY SOIL AGE

ABSTRACT

Hawaiian soil sites were studied since these soils and ecosystems were reset by

volcanic eruptions to early stages of development, and because these soils of ages 200 to

150,000 years are underlaid by similar substrata, and influenced by similar climates and

biotic communities. Total microbial community DNA was extracted and fractionated

based on its G+C content. G+C profiles were similar for soils of different age except for

a slight decrease in low G+C content DNA in the oldest two soils. SSU rDNA gene

libraries were prepared from the 63% G+C fraction, which represents a dominant

biomass fraction, and from a 35% G+C fraction, which represents a minor biomass

fraction. The two major changes in community structure along the chronosequence are

the development of a dominance structure, and the decrease in phylotype diversity from

the youngest soils (200, 2,100, 20,000 yrs) to the oldest site (150,000 yrs). Maximum

phylotype richness within the dominant biomass fraction occurs at the mid-aged

Laupahoehoe site (20,000 yrs), which was confirmed by both the maximum contribution

53
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of high biomass DNA in the total DNA community profile at this site and the maximum

in phylotype richness in the 63% G+C rank-abundance pattern which was even more

evident by their rarefaction curves. This maximal microbial diversity at intermediate soil

age is correlated with extreme values in several soil physical and chemical parameters,

especially plant available nitrogen, and soil bulk density. The findings are consistent

with the macroecological principle of diversity responses to nutrient availability. All

major changes with age described occurred in the fraction of high biomass (63% G+C),

whereas no statistically significant changes could be found in the 35% G+C fraction.

Dominant phylotypes were found again in repeated experiments of the same soil

sample. However, dominant phylotypes were generally different between each site

along the chronosequence. These results indicate that variability within a soil site of a

particular age is not greater than between different soils. All of the soil clones sequenced

affiliate with the Eubacteria as was expected due to the specificity of the primer pair

used. None of the nucleotide sequences analyzed in this study matched known

sequences from any cultured species, or were identical to sequences in the databases.

Several of the most dominant clones belong to the clone cluster V1 (Fibrobacter phylum)

defined by Stackebrandt et al. (1993), which forms an individual line of descent and is

now part of a new phylogenetic division. This novel group was more frequent at sites

older than 2,100 yrs.



55

INTRODUCTION

Soil microbial diversity is thought to be extremely high even at a small scale

(Torsvik et al., 1990). However, the magnitude of this diversity remains unknown

(Liesack and Stackebrandt, 1992; Bomeman et al. 1997). In addition, very little is

known about the environmental parameters that link ecological processes to that

diversity, and could influence the composition of the microbial community. Although

important microbial processes might occur at the small scale of microbial communities,

the great abundance of these communities in the soil extends their importance to the

larger ecosystem scale. Conversely, changes in parameters important at the ecosystem

level (e. g. , soil age, temperature, moisture, vegetation) may have significant influences on

microbial communities, in particular on community structure and composition. These

microbial community changes may in turn lead to changes in diversity and activity of

larger organisms. Without insight into soil biodiversity, models of ecosystem

functioning and prediction of human impacts on changing ecosystem and global patterns

may not be understood.

Recent studies of soil bacterial diversity not only confirmed the enormous

variety of microbes in soil but also corroborated the limitations of common diversity

studies. Use of the entire soil bacterial DNA as the target of study will only reveal the

most well represented species (Liesack et al., 1992; Borneman et al., 1996).

Macroecologocial studies have long focused on certain groups of organisms, and not the

entire macroecological community. Consistent with this practice, 1 limited the target
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group in this microecological project to only parts of the soil bacterial community,

namely a fraction of soil extracted DNA with high biomass, and a fraction of low

biomass. Since cultivating methods only recover about 1% of all soil microorganisms,

molecular approaches were employed because they more comprehensively sample the

soil community and identify its most dominant members.

The DNA was separated according to its guanine and cytosine content (%G+C)

which provides a coarse level of separation of prokaryotic taxa (Holben and Harris,

1995). The fraction of high bacterial biomass selected had 63% G+C, and the fraction of

low biomass had 35% G+C. These DNA fractions were used as a template to generate

gene libraries of small subunit ribosomal DNA (SSU rDNA) by PCR amplification.

Community structure was established by determining the diversity and abundance of

SSU rDNA clone types which were distinguished by digestion with two pairs of

tetramcric restriction endonucleases. Because the SSU rRNA gene contains diagnostic

variable regions that are unique to particular organisms, the digestion of the amplified

SSU rDNA gene with a pair of tetrameric restriction endonucleases results in mostly

unique restriction length fiagment polymorphism (RFLP) patterns. Since these RFLP

patterns are indicative of the phylogeny of the SSU rDNA gene, they can be used as

operational taxonomic units. For this study we use the term phylotype, which is

defined as the pattern resulting from RFLP analysis of the SSU rDNA.

The purpose of this research was to determine how patterns of soil bacterial

community structure and composition change with the age and development of soil. I

studied the soils on the Big Island of Hawaii since they are the youngest and most
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geographically isolated soils and hence changes in microbial community development

might be more easily seen. The soil was built from periodic volcanic eruptions, each of

which resets soil and ecosystem development. I sampled the four youngest soils of a

recently described chronosequence across the Hawaiian Islands, 1'. e. soil ages ranging

from 200 years to 150,000 years (Crews et al., 1995). Most importantly, many other

environmental variables were almost constant for the sites sampled. The parent material

shows little or no chemical variation (Wright et al., 1987), the precipitation and the

temperature are nearly constant throughout the year, and the discontinuous climatic

effects of pleistocene glaciation are minimized (Vitousek et al., 1997). All sites support

intact rain forest vegetation dominated by the same tree species. By choosing these

young and geographically isolated Islands as my study site, I attempted to reduce the

extent of microbial diversity to a more manageable level. Their -- compared to older

soils -- lesser developed ecosystems are reflected in a low level of macrospecies richness

(Crews et al., 1995).

MATERIALS & METHODS

Soil origin and soil sampling. The chronosequence consists of four soils

located on the Big Island of Hawaii, ranging in age of the volcanic parent material from

200 to 150,000 years (Table 1, Fig. 1). Since these soils are matched in elevation,

precipitation, slope position, and disturbance history they form a sequence that varies
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mainly in one parameter, soil age (Crews et al., 1995). The parent material of all soils is

basaltic tephra, a volcanic ash deposit (Clague and Dalrymple, 1987). All of the sites

are on minimal slopes (<6%) near 1200 m elevation, with 16°C mean annual air

temperature with little seasonal variation (Department of Geography, University of

Hawaii, 1983). The sites currently receive approximately 2500 mm of precipitation

annually (Giambelluca et al., 1986), which is well distributed throughout the year due to

the relatively constant NE trade winds (Carlquist et al., 1980). Soil thickness remains

constant at about 1 m. Each site is located under undisturbed, intact montane rainforest

with an unusually low level of species richness. The overstory of all sites is dominated

by the most widespread tree on the Hawaiian islands (Kitayama et al., 1995),

Metrosideros polymorpha, the native tree which increases in height from the youngest

site to the mid-aged Laupahoehoe site, to decline by around 50% at the oldest site,

Kohala (Crews et al., 1995). The well developed understory vegetation is dominated by

native tree ferns, Cibotium spp. Other trees and shrubs that account for most of the

remaining cover are Cheirodendron, Ilex, Coprosoma and Vaccinium (Crews et al. 1995).

The exotic plant species Psidium cattleianum and Hedychium garnerianum were also

present in low abundance (Riley and Vitousek, 1995). The total number of vascular

plant species per 0.2 ha was lowest at the youngest site with 34 species, and increased

with soil age to 47, 48 and then 53 species, respectively (Crews et al., 1995). As is

common for these montane areas of high precipitation, no nitrogen-fixing vascular plant-

microbe symbioses was found within any of the sites (Vitousek and Walker, 1989;
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Crews et al. 1995). None of the sites is known to have been cleared by humans (Crews

et al., 1995).

The youngest site is located near Thurston Lava Tube on the east slope of

Kilauea Volcano within Volcano National Park (Fig. 1). The site is fenced to keep feral

pigs (Sus scrofa) out of the Park. This soil is a Hydric Dystrandept developed on

several tephra (volcanic ash) depositions ranging in age from 200 years at the top

mineral layer to 400 years, and totaling approximately 38 cm in depth (Soil Survey

Staff, 1973). The sample analyzed was from the 200 year old layer. The next older soil

is located in Ola’a Forest on the north slope of Kilauea volcano. This soil is a Typic

Hydrandept originating from tephra deposits about 2,100 yr old (Soil Survey Staff,

1973). The 20,000 yr old Laupahoehoe soil is also a Typic Hydrandept, and is located

on the north east slope of Mauna Kea (Soil Survey Staff, 1973). The 150,000 year old

soil is a Typic Placandept (Soil Survey Staff, 1973), and is from the east slope of

Kohala volcano.

I removed the litter and the first centimeter of soil, and sampled the next 7.5 cm

of soil. The samples were collected in the perimeter of Crews et al. (1995) main study

site. Duplicate soil samples of 750 g each were packaged on site in sterile

polypropylene bags and immediately put on ice. The next day they were placed in dry

ice coolers and shipped by express mail to Michigan where they were stored at - 20°C.

The soil moisture content was determined by drying soil ovemight at 100°C. Soil

mechanical and chemical analyses were done by the Soil Analysis Laboratory, Michigan

State University, using the methods described in Peck et a1. (1988). The two oldest
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Figure 1. Map showing the location of the four soil sites of the chronosequence on the

Big Island of Hawaii, HI, USA.
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soils, Kohala and Laupahoehoe were sampled in 1992 and in 1994. To verify low

variability of the G+C fiactionation curves and of the clone library, repetitive analyses

were done with two samples ofthe same soil sampling bag for the 1992 Kohala samples,

and compared with the 1994 Kohala sample collected in the same area. To determine

spatial variation within a sampling site, three samples were collected at the Laupahoehoe

site that were 3 m apart from each other.

DNA extraction and purification. Soil microbial DNA was extracted from 10

g of soil using the direct lysis method of Holben (1994) with several modifications as

described in Chapter 2. Subsequent DNA purification was modified to include agarose

gel purification and a single microcolumn passage of the excised and melted gel piece.

Extraction efficiency was determined by comparing the amount of DNA extracted with

the amount ofDNA expected calculated from the difference in direct microscopic counts

of bacterial cells before and after lysis. Bacterial cells were counted directly using

computer aided microscopic counting procedures (Zhou et al. 1996). For consistency,

all counts were obtained by a single investigator. Details of the methods in this

paragraph are described in the Material and Methods section of Chapter 2.

Extraction of extracellular DNA from soil. In order to determine the amount

of extracellular DNA, 5 g of fresh soil (wet weight) was sequentially extracted four times

with 200 ml of 0.12 M sodium phosphate buffer at pH 8.0. DNA was removed directly

from the resulting extract by ethanol precipitation, and subsequently purified by spin

columns with a pore size allowing a molecular weight cut off of over 100K (Schleicher
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and Schuell). Ogram et al. (1987) showed that this extraction procedure removes 99.9%

ofpreviously added, radio-labeled DNA.

G+C fractionation technique. DNA fragments were separated according to

G+C content following the procedure of Holben and Harris (1994). Briefly, DNA was

mixed with the A-T specific binding dye bis-benzimidazole, and the bouyant density of

the resulting DNA-bisbenzimide complex decreases in proportion to the amount of dye

bound. A gradient of%G+C concentration was then established by equilibrium density

gradient ultracentrifugation, and fractionated. To make PCR amplification possible

DNA fractions were purified as described in Chapter 2.

PCR amplification of small subunit rRNA genes from soil DNA. Small

subunit rRNA (SSU rRNA) genes were amplified by PCR from purified soil DNA using

the eubacteria specific primers fDl and rP2 of Weisburg et al. (1991). Details are

described in the Material and Methods section of Chapter 2.

Analysis of SSU rDNA clone library, determination of nucleotide

sequences and phylogenetic analysis. The amplified SSU rDNA fragments were

purified, an equimolar amount was ligated to the vector pCRTM II (Invitrogen, San

Diego, Calif), and the vector was transformed into Escherichia coli Top-10F’

competent cells (Invitrogen, San Diego, Calif). A primer pair specifically designed to

complement the polylinker of the vector pCRTM II (44) was used to amplify plasmid

inserts directly from the transformant cells for SSU rDNA gene screening. Clones with

identical restriction patterns were digested with two additional tetramcric endonuclease

restriction enzymes. Cluster analyses were performed by comparative numerical
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analysis and rank-abundance distribution patterns were established. The amplified SSU

rDNA clone inserts of the three most dominant phylotypes in each clone library were

purified, and partially sequenced at their 5’ end using automated fluorescent Taq cycle

sequencing. For the detection of potential chimeric artifacts partial sequences that were

around 400 bases long were submitted to the CHECK_CHIMERA program offered by

RDP (Maidak et al., 1996). All sequences were aligned, and phylogenetic relationships

were inferred. Details of these steps are described in the Material and Methods section

of Chapter 2.

RESULTS

DNA extraction. High efficiency in DNA extraction is crucial to the

representativeness of the underlying soil bacterial community. I calculated the percent

of cells lysed using DTAF [5-(4,6-dichlorotriazin-2-yl)amino fluorescein)] stained cell

counts, since DTAF counts commonly yield lower bacterial counts than the

corresponding acridine orange count (Suzuki et al. , 1993). Acridine orange is more likely

to nonspecifically stain organic particles, and these tropical soils are rich in organic

matter (Table 1). After optimizing lysis techniques I achieved a mean DNA extraction

efficiency of 88(i16)% (Table 2) based on loss of direct microscopic counts. Free

(extracellular) DNA which could add bias to the depiction of the soil bacterial

community does not appear to influence the amount of total community DNA extracted
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by the direct lysis protocol (Table 3). Initial extraction of DNA prior to lysis in the

oldest and the youngest soil did not recover detectable extracellular DNA. An attempt

to amplify the extract by PCR yielded no product, even after purification of the extract.

In agarose gels the fragment size composition of soil extracted DNA was predominantly

ofhigh molecular weight (i. e. , located above the 23 Kb marker) with only a faint signal in

the <23 Kb size range (data not shown).

Total community DNA profiles. The relative abundance of DNA of different

base composition (% G+C) was used to produce profiles of the community

composition, as well as to fractionate the DNA. The % G+C community profiles for a

site are reproducible as judged by the profiles from three replicate samples from one site

(Fig. 2). The community as observed by the level of G+C resolution appeared to be

stable over two years since the 1992 and 1994 profiles were similar (the standard

deviations (s) of the mean curve were s = 0.14 for two replicates fiom the same soil

sampling bag collected in 1992, and 28 = 0.40 between the two 1992 samples and the

1994 sample). High-molecular weight DNA of a limited size range was observed by

agarose gel electrophoresis (data not shown) showing that the DNA separation in the

gradient was not subject to potential bias of the varying molecular weight of randomly

sheared DNA.

The G+C profiles of total soil DNA for all sites along the chronosequence is

depicted in Figure 3. The profiles were standardized against DNA mixtures of known

composition (Fig. 3, insert). Each profile had a distinct maximum between 55% and

70% G+C with a maximum of 63% (i2) G+C. This structure is typical also for
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Table 3. Comparison of extracellular and intracellular DNA extraction yields

Cell DNA°

    

Soil Free DNAa Total DNA”

 

(118/8 dW) (118/8 dW) (118/8 dW)

Thurston ND 6.4 6.5

Ola’a 0.1 14.1 14.2

Laupahoehoe 0.1 l l .4 1 1.3

Kohala ND 19.8 19.8

 

‘1 Free DNA yield with extra cellular extraction protocol

b Total DNA yield with direct lysis protocol

° Cell DNA yield with direct lysis protocol after extra cellular

extraction protocol

d Not detectable at a detection limit of <0.05 ug nucleic acid/g dw
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midwestem agricultural soils (Chapter 2: Fig. 1). The ratio of DNA with high G+C

content (55 to 70%) over DNA of low G+C content (30 to 55%) was approximately 2:1

for the two youngest soils, and increased to 4:1 and 3:1 for the two oldest sites,

Laupahoehoe and Kohala, respectively. Over the chronosequence the profiles displayed

increasingly smoother curves.

Community structure as revealed by analysis of phylotype abundance profiles

of eubacterial rDNA libraries did not reveal an underlying community structure for the

youngest or the oldest soil in the chronosequence (for youngest soil, see Chapter 2: Fig.

3A). Therefore, total soil DNA fractionation was used to select a simpler set of the

community for analysis of structure. To lower soil bacterial diversity to a more

manageable level I fractionated total community DNA by its G+C content (Fig. 3), and

then analyzed bacterial rDNA amplified from five combined fractions over the range 62

to 65% G+C. Again, few repeating phylotypes were seen, hence the diversity was too

high to see any structure (data not shown). Only when I studied the structure of single

fractions of the %G+C gradient, was a distinct rank-abundance distribution of

phylotypes seen within the clone library.

Phylotype abundance patterns. Two fractions of the %G+C based

community profiles were chosen for comparative community structure analysis along

the chronosequence. The 63% fi'action was chosen because it was located within the

major peak ofDNA abundance typically found in previous soils studies (Chapter 2: Fig.

l). The 35% fraction was chosen to represent a community within the low biomass

range of the soil extracted DNA (Fig. 3). After amplifying the SSU rDNA inserts
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directly from clones they were digested with restriction enzymes and sorted by cluster

analysis. Clones with similar restriction patterns were further differentiated when

digested with a second combination of two restriction enzymes. The phylotype profile

was repeatable in replicate samples as shown for three samples of the 63% fraction for

the Laupahoehoe site (Fig. 5). Similar results were found with three samples from the

oldest site, Kohala (data not shown). These data suggest not only that the findings from

this method are repeatable since the two soil samples from the Kohala site show rather

identical phylotype profiles. They also indicate that soil microbial communities that

were sampled only three meters apart at the same site (Laupahoehoe) have very similar

dominance structures (Table 4).

Figures 6 and 7 show the phylotype profiles for the 63% and the 35% G+C

fractions of the chronosequence. Table 4 indicates the size of the clone libraries

examined, and the relative abundance of the three best represented clones as a measure of

dominance relative to the entire clone library. With increasing soil age the three most

dominant SSU rDNA patterns represent 32%, 33%, 24(i5)%, and 67(i4)% of the SSU

rDNA insert diversity within their respective 63% G+C fractions. The insert in Figure

6 illustrates the ratio between the three best represented clones and the remaining clones

within each clone library along the chronosequence. In the 35% fractions the three

dominant phylotypes constitute 20(i4.5)% of the total.

Rarefaction analysis. The quantitative effect of using a fraction of the

community DNA on the diversity of phylotypes was evaluated using rarefaction curves

(Simberloff, 1978; calculation see Appendix A). Rarefaction analysis is a technique for
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comparing the diversity of communities. Given the species-abundance distribution of a

soil SSU rDNA clone library, rarefaction provides estimates of the species richness of

sub-samples taken from it. When plotted against the subsample these estimates define

the rarefaction curve. In Figure 8A I compare the cumulative diversity of total soil

DNA and 63% G+C fractions thereof for the chronosequence. The high diversity

throughout all 35% G+C fractions is summarized in Figure SB. This analysis verified

that the unfractionated DNA contained too many phylotypes to reveal any community

structure but that fractionation ofDNA by its G+C content did reduce the diversity to a

level at which structures of dominance could be detected. However, this analysis does

suggest that due to enormous diversity the phylotype sampling in these fractions is far

from complete.

Community structure. Soil community structure changes can be seen across

the chronosequence. The relative abundance of dominant community members in the

high %G+C range is significantly expanded in the oldest soil (Fig. 6). The tendency to

higher dominance over time appeared simultaneously in two ways. While the number of

representative SSU rDNA clones per phylotype increased for the most dominant

organism, the total portion of phylotypes in each soil library decreased. The most

dominant clones appear in percent of total clones over time with 13% (200 years), 17%

(2,100 years), 20% (20,000 years), and 35% (150,000 years), while the number of

phylotypes for the respective soils decreased after an initial increase fiom 46

phylotypes (200 years) over 49 and 66 (i8, n=3) (20,000 years), to finally 17 (:2, n=3)

phylotypes for the oldest soil (Table 4). Microbial species richness is reduced with
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increasing soil age. While there is no statistically significant change in microbial species

richness fi'om the 200 year old Thurston to the 20,000 year old Laupahoehoe soil,

species richness fell by 67% for the oldest soil, the 150,000 year old Kohala site (Fig.

9).

Comparative statistical analysis of entire rank-abundance profiles revealed a

statistically significant difference only between the oldest Kohala site and the three

younger sites (p<0.05) (Table 5; calculation see Appendix B: Table 3). Similar

statistical analysis showed no significant difference between any of the four profiles of

the 35% G+C fractions.

The increase of dominant structures in the oldest soil, and the decrease of

phylotype richness are illustrated by a simplified diversity index, the ratio of

phylotypes over the contributing clones in Fig. 9. This simplified diversity index is

used to compare community dynamics graphically with other soil physical and chemical

parameters in figures below.

A detailed statistical analysis of the ARDRA derived rank-abundance patterns is

discussed in Appendix B. Test statistics for the Chi-Square and the Kruskal-Wallis

tests were calculated for all phylotypes of a clone library sorted into three ranking

groups (Appendix B: Fig.4). The first group is represented by the dominant phylotype.

The second group consists of the second to fifth best represented phylotypes, and the

third group covers the remaining phylotypes. The Chi-Square test indicated a

statistically significant lack of homogeneity across the chronosequence for the three

ranking groups (x2=l 39.2; p<0.05). Similar calculations lead to a rejection of the null
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Table 5. Statistical comparison ofcommunity patterns over time. After the test results

for the Kruskal-Wallis statistic indicated nonhomogeneity between

communities ofthe chronosequence the Multiple Comparisons Procedure was

used to determine if the community structures are significantly different from

each other (p<0.05). All clone libraries were grouped by ranks prior to the

test. Details see Appendix B.

 

 

 

Pairwise comparison ___Si_gnificant difference

of soil sitesa 35% G+C 63% G+C

Thurston and Ola’a NO NO

Thurston and Laupahoehoe NO NO

Thurston and Kohala NO YES

Ola’a and Laupahoehoe NO NO

Ola’a and Kohala NO YES

Laupahoehoe and Kohala NO YES

 

a Sites are grouped by soil age starting with the youngest soil
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hypothesis ofhomogeneity for the 35% G+C fraction, although a Chi-Square test result

of 19.4 for these fractions indicated much less difference between the four soil ages. A

graphical comparison of determined and expected values for this test is shown in

Appendix B: Figures 4 and 5 for the 63% G+C fractions of the chronosequence. The

high diversity contributed by rare members of each clone library (Appendix B: Fig. 4:

ranking group 6th-...) has a strong effect on the Chi-Square value when the dominance

pattern becomes more accentuated with increasing soil age (Appendix B: Fig. 5) and the

two oldest soils contribute the most with their extreme ratios of phylotype diversity

over clone number. In addition to the Chi-Square test I also calculated the Kruskal-

Wallis test for this chronosequence to determine which soil in the chronosequence has a

community structure different from the others. In the Multiple Comparisons

Procedure, a part of the Kruskal-Wallis test, I used all factorial combinations of the four

soil ages to determine if there is a statistically significant difference between the

structures of any two of the soil bacterial communites (Table 5). The Multiple

Comparisons Procedure shows that the rank-abundance distribution of the Kohala clone

library at 63% G+C is significantly different from the rank-abundance distributions of

all three younger soils (p<0.05). There is, however, no significant difference amongst

the three younger soils. For the rank-abundance distribution of the 35% G+C fractions

the Multiple Comparisons Procedure shows no significant difference amongst the four

soils of the chronosequence (p<0.05). However, at a coarser level of significance of

p<0.2 the rank-abundance distribution of the Ola'a and the Laupahoehoe clone library

are significantly different from the rank-abundance distributions of the oldest, the
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Kohala soil. There is, however, no significant difference amongst the three younger soils

and between the youngest and the oldest soil.

Phylotype overlap between sites. Most phylotypes are unique for each soil

age. When I studied three samples from the same soil in the chronosequence for their

overlapping restriction patterns I found that diversity within the same soil is much

smaller than between soils of the chronosequence. When focusing on the three most

dominant members of each soil an overlap of the same dominant restriction patterns

could only be found once in the 63% fractions, between the two oldest soils at

Laupahoehoe and Kohala (Table 4). However, the overlap of dominant restriction

patterns within repeated samples drawn from the same chronosequence soil showed for

Kohala soil samples that two out of three dominant members in the 63% fractions were

identical. A similar result was found for three replicate samples drawn fi‘om the 20,000

year old Laupahoehoe soil (Table 4). As expected, the overlap of rare restriction

patterns (1'. e. , those found only once within a clone library) was low, in the range of 5 to

12% per site. These results indicate that variability within a soil site of a particular age

is less than between different soils. Sampling distance had no effect on detecting

difference in dominance structures for an order of magnitude. Two of the three repeated

samples drawn from Kohala soil were taken from the same soil aggregate in one soil

sampling bag. The three samples taken for comparison from the 20,000 year old

Laupahoehoe soil were drawn at a distance of three meters apart from each other. This

result corroborates the aptness of the method for comparative studies of soil microbial

communities since differences between sites can be distinguished from those within
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sites, at least in this young ecosystem.

Phylogenetic analyses. All of the soil clones sequenced affiliate with the

Eubacteria as expected due to the specificity of the primer pair used (Table 6). None of

the nucleotide sequences analyzed in this study matched known sequences from any

cultured species, or were identical to sequences in the databases. Sequence similarity of

partial SSU rDNA sequences to SSU rDNA sequences in the RDP database (Maidak et

al. 1996) varied from 41% to 98%.

I subdivided the chronosequence nucleotide sequences into two general

categories, those related to previously recognized bacterial groups (Olsen et al., 1994)

such as Proteobacteria, Clostridia, Bacillus, and Syntrophmonas, and those related to

groups of novel descent such as Fibrobacter. All of the sequences of the only 35%

G+C fraction analyzed (the youngest soil) were affiliated with the genus Clostridium

(Chapter 2: Table 1). Of the three most dominant clones from the 63% G+C fractions

of the chronosequence, only the youngest site did not have clones related to members of

the group Fibrobacter (Table 6). Most members of the Acidobacterium subdivision in

the Fibrobacter Phylum (Maidak et al., 1996) are known only from rDNA sequence

analyses. None of the nucleotide sequences analyzed in this study that belongs to the

Fibrobacter Phylum is closely related to (< 27%) any previously described cultured

species.
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Figure 10. Plant available nitrogen and phosphorus determined in situ with anion-

exchange resin bags that were buried fi'om 5 to 8 month (data from Crews et

al., 1995). The data are overlaid with the diversity index from Figure 9
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DISCUSSION

Soil microorganisms play an integral role in the maintenance of soil fertility and

soil structure, and certain functions are performed exclusively by bacteria. Nevertheless,

many soil ecological studies tend to ignore that important third group of organisms with

a bias towards vegetative and animal life, or, at best, limit it to a black box of “microbial

activity”. Knowing and understanding soil microbial communities is essential for a

sustainable biosphere, from agricultural efficiency questions to biodegradation of

hazardous waste spills. However, achieving a comprehensive picture of a native

bacterial community represents a significant task. The challenge becomes even greater

when one moves this investigation into one of the most complex environments, soil,

with its high species richness and evenness. Several recent studies have attempted to

describe a few of the most common members of a soil community. However, I believe it

is no longer enough to only inventory soil organisms, but we must also link that

diversity to ecological processes.

In macroecological systems the following relationship between productivity and

biodiversity is typical: In low-nutrient environments an increase in biodiversity seems

to enhance productivity (Odum, 1998). In high-nutrient environments an increase in

productivity increases dominance, and reduces diversity. This macroecological principle

seems to be consistent with the microbial community dynamics observed at this
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Figure 11. Comparison of soil organic matter content and phylotype

diversity for soils of the chronosequence.
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Figure 12. Exponential decomposition constants and foliar nitrogen concentration for

leaf litter of the dominant plant Metrosideros polymorpha. Decomposition

constants were determined over 2 years by in situ decomposition (data

from Crews et al., 1995). Foliar nitrogen concentration is calculated in %

dry mass (data fi'om Vitousek et al., 1995). Net primary production is

shown (data from Herbert, 1995).
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chronosequence. A relationship between soil productivity and microbial diversity can

be found when the three younger, less developed soils are compared with the oldest soil

at the Kohala site. In the younger soils, the nutrient supply has not yet reached its

maximum which is reflected by high phylotype diversity (Fig. 9). From the youngest

soil to the mid-aged Laupahoehoe site, plant available nitrogen and phosphorus are

increasing, with a nitrogen maximum at this age (Fig. 10). Between 2,100 years and

20,000 years of soil age the organic matter reaches a maximum (Fig. 11; Table 1). This

coincides with a slightly higher phylotype diversity for the dominant (63% G+C)

microbial fraction at the 20,000 year old Laupahoehoe site. The highest turnover rates

for NH4+ -, NO3' -, and N20 - nitrogen also occur at this site, which indicates maximal

microbial activity, and soil productivity (Fig. 10; Crews et al., 1995). After reaching

this high level of nutrient availability at the mid-age site the resulting high productivity

is followed by an increase in microbial dominance (63% fraction) at the expense of

phylotype diversity (Fig. 6) at the next older soil.

Specialization is offered as the most reasonable underlying mechanism for this

change in diversity at the oldest site. With time specialists for the decomposition of the

abundant accumulated organic material may take over the available niches in the soil.

This specialization would increase dominance at the expense of diversity, which is the

pattern at the Kohala site. This assumed specialization is reflected in the decomposition

dynamics along the chronosequence. Concentrations of elements in live tree leaves

generally reflect available nutrient pools in the soil, for both the dominant tree

Metrosiderospolymorpha and for other tree and bush species across the chronosequence
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(Vitousek et al., 1995). While foliar nitrogen and phosphorus contents in Metrosideros

polymorpha leaves do not change, the leaf litter decomposition rate increases

significantly from the midage to the oldest soil, and climaxes in a three-fold faster

decomposition rate compared to the youngest site (Fig. 12; Crews et al., 1995). Control

experiments showed that this increase in decomposition rate was site specific. Also,

after two years of decomposition almost four times as much leaf litter mass remained at

the mid-aged Laupahoehoe site relative to the oldest site, suggesting improved

decomposition ability of the microbial community at that site. This difference in

decomposition rate occurred despite the constancy of both precipitation and

temperature across the chronosequence. With time the soil microbial community might

develop and change to. a K-selection strategy at Kohala, where efficiently competing

decomposers operate at maximum decomposition rates.

This assumption is corroborated by the amount of nitrogen and phosphorus

remaining within partially decomposed leaf litter after a period of two years (Crews et

al., 1995). Almost four times as much nitrogen and phosphorus remained in the leaf

litter at the mid-aged Laupahoehoe site (34% of initial N and P) versus the oldest

Kohala site (9% of initial N and P).

Over the course of soil development along the chronosequence the amount of

plant available phosphorus is constantly increasing, while plant available nitrogen

peaked at the midage Laupahoehoe site, and then fell to less than 50% that value at the

oldest site (Fig. 10; Crews et al., 1995). The C/N ratio stayed almost the same at the

last two sites in the chronosequence suggesting that changes in plant available nutrients
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or litter quality were not responsible for a change in microbial community structure, and

hence specialization within the community is hypothesized (Table 1).

The dominant soil minerals might also conhibute to the high microbial activity at

the two oldest soils. Weathering processes are rapid both because of the wet tropical

climate and the reactive nature of the lava parent material. The rapidly weatherable

olivine, glass and plagioclase are completely consumed before 20,000 years (Vitousek et

al., 1997). Subsequently formed noncrystalline minerals (allophane, ferrihydrite, and

imogolite) are characterized by large reactive surface areas that bind cations, phosphorus

and soil organic matter very effectively (Wada, 1989), which aids productivity through

accumulation of organic matter (Table 1; Fig. 11).

Specialization of the decomposing microbial population could have a mutualistic

effect on the vegetative cover. The rapid decomposition of leaf litter with relatively high

nutrient concentrations would constantly supply plants with high levels of available

nutrients (Fig. 12). This rapid regeneration of available nutrients provides a positive

feedback between the plants and the decomposing microbial community, in which high

levels of available nutrients are maintained (Vitousek, 1982). Net primary production of

the forest increases steadily between 200 and 20,000 years, but the average rate of net

primary production exhibits a substantial increase after 20,000 years to peak at the

oldest site at a level 20% over that of the youngest site (Fig. 12) (Herbert, 1995;

Vitousek et al. , 1997), which is three times as high as found in midwestem forests.

Profiles of the fractionated community DNA. The G+C based fractionation

gradients represented with excellent repeatability community profiles characteristic of
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the relative composition of the soil community. The similarity of the replicate gradient

profiles at Kohala (Fig. 2) demonstrated that these curves represent not a just

“snapshot” in time but are repeatable at the same soil site over time. Hence, differences

in profiles show the effects of major changes in the relative abundance of components of

the soil microbial community. A population change of at least 105 to 10° cells is

required to cause a change in G+C peak height in a total community DNA profile. The

majority (60% (i3)) of the extracted soil DNA corresponds to the 55% to 68% G+C

range which includes genera known to dominate soil bacterial communities, e. g.

Agrobacterium (55-61%G+C), Alcaligenes (56-63%G+C), Arthrobacter (63-69%G+C),

and Pseudomonas (58-66%G+C) (Alexander, 1977; Holben and Harris, 1995). Soil

DNA found in the 29% to 47 % G+C range corresponds to genera like Streptococcus

(35-40 %G+C), Clostridium (31-36 %G+C), and Bacillus (38-45 %G+C). Rarefaction

analysis indicated reduced diversity in the individual % G+C fractions compared to the

total DNA, especially for the 63% G+C series, but that rDNA diversity was far from

exhausted in all clone libraries [83(13) clones] ofthis fraction (Fig. 8A).

Bacterial diversity in soil environments was too high to be analyzed

comparatively between different sites based on the direct sequencing approach. The

studies of soil community structure found to date tend to concentrate on the relatively

few and likely more abundant species, but do not recover the rich variety of organisms

that occur in smaller numbers but encompass a much greater range of species. These

microorganisms may be important in acting as a reservoir of different physiological
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types, which may respond by population size increase following changes in the habitat.

This would also imply a degree of built in redundancy in the microbial community, and

that some organisms are remainders of past conditions. Knowledge of the composition

of this reservoir will allow us to distinguish between a complete community shift and a

change in only the dominant community members. Furthermore, evidence from 3H-

labeling experiments and G+C based fiactionation of soil community DNA indicates

that activity and growth are not confined to a small fraction of the bacterial biomass but

are widespread among the genera represented in the profile (Harris, 1994). Hence,

separation by G+C content uncovers new diversity and provides evidence that soil

rDNA diversity is much higher than can be detected by direct rDNA analysis of total

community DNA. This higher estimate of soil rDNA diversity is supportive of the high

bacterial diversity estimate reported by Torsvik et al. (1990) based on rates of soil DNA

reannealing.

DNA extraction. A significant concern in establishing a community picture

from total community DNA extracted from an environment is whether cell lysis was

partial or biased. The pre- and post-extraction direct microscopic counts indicate

sufficient lysis efficiency was achieved. The high diversity found in the phylogenetic

analysis of some of the rDNA clones together with finding a high number of sequences

for sporeformers confirmed the reliability of my approach (Chapter 2: Fig.7). The

efficiency of total community DNA extraction is crucial for a comprehensive evaluation

ofthe soil microbial commrmity. Initial difficulties with DNA extraction (not reported)

might have been due to a parent-material effect. Weathered tephra, a Hawaiian volcanic
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ash and the source of the parent material, is characterized by a high content of allophane

at soils older than 2,100 years. Allophanes are amorphic hydrated aluminum silicates

which are able to fix dissolved phosphate at high rates (Nanzyo et al., 1993). For

maximum yields of soil DNA, I saturated active sites on allophane by increasing the

phosphate concentration in the extraction buffer one hundred times (to 100 mM

phosphate). Extracting DNA fiom Andosols is also made difficult by their high content

of organic matter. The allophanic clays in these soils help to stabilize soil organic matter

such that soil organic matter contents two to three times higher that of nonallophanic

materials are formed (Paul and Clark, 1996). The abundance of humic substances in

soils, many of which coextract with nucleic acids in standard protocols, required post-

extractive purification to allow for PCR amplification ofthe extracted community DNA.

The potential for bias is also present once comprehensive lysis is achieved.

Biases can come from preferred amplification in the PCR reaction, the formation of

chimeric SSU rDNA molecules, or the rrn copy number variation in different bacterial

species (Chapter 1: Background). These biases have been extensively reported or

studied elsewhere (Ward et a1. , 1992; Stackebrandt et al., 1993; More' et al., 1994; Ogram

et al., 1987; Tsai et al., 1991; Liesack et al., 1991; Suzuki et al., 1996; Robinson-Cox et

al., 1995; Reysenbach etal., 1992; Farrely et al., 1995; Kopczynski et al., 1994; Mead

et al., 1991; Finney, 1993). For a complete quantitative determination of a soil bacterial

community, many of the techniques are still in need of refinement. I have used the at

present best available methods as critically as possible to minimize the introduction of

potential biases.
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Phylogenetic analyses. In a recent comparative study of soil phylogenetic

surveys based on rDNA sequence studies Kuske et al. (1997) show considerable

commonality of sequences among the surveys that fall outside of the known bacterial

domains (Olsen et al., 1994). This remarkable abundance of members of this new

phylogenetically diverse group in clone libraries across soils from vastly different

geographic regions indicates that these organisms are dominant regardless of soil types,

geographic regions, and overlying vegetation (Kuske et al., 1997; Liesack et al., 1992;

Stackebrandt etal., 1993; Ueda et al., 1995; Bomeman et al., 1996; Bomeman et al.,

1997). My findings support this thesis since members of the dominant biomass (63%

G+C) of chronosequence soils analyzed also belong to the same novel branch (Table 6).

Interestingly, they are all related to the clone cluster VI defined by Stackebrandt et al.

(1993), which forms an individual line of descent currently under analysis (Ludwig et al.,

1997; N. Pace, personal communication). Kuske et al. (1997) made the first attempt to

compare SSU rDNA sequence data among various other soils including their own, and

discovered substantial similarities of phylogenetic types across different soils. Most of

those sequences fall into several diverse groups distinct from previously recognized

bacterial divisions. Of all nucleotide sequences analyzed in this study, only 40% are

related to previously recognized bacterial groups (Olsen et al., 1994). Of these, their

closest relatives are members of culturable genera found in many types of soils, such as

Proteobacteria, Clostridia, and Bacillus.

Comprehensive inventories? Figure 8 clearly demonstrated that

complete diversity has not been captured in any of the communities analyzed, since
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none ofthe rarefaction curves level off with increasing clone numbers. Zhou et a1. (ESA

abstract No. 226, 1997) attempted to analyze a continental soil clone library from 5 g pf

soil with over 600 clones, but found this was still not large enough to capture full

diversity, i.e. the respective rarefaction curve was still linear. The reason to avoid bigger

clone libraries is not only the prohibitive cost and labor, but also the ecological value of

such an attempt. No macroecological study attempts to gather all species of an

environment. Instead, studies are restricted to a certain group, usually a functional

group, which makes the analysis feasible. My attempt is analogous, namely to select

and evaluate a fraction of the enormous soil bacterial diversity. The field needs to get

away from the notion that one can be comprehensive. It is simply not yet possible.

Limitations. The interpretation of these data is limited by the fact that there

are no comparable studies. Even though some of these data are based on triplicate

experiments, generalizations are difficult to make; for example, only two fractions of

total community DNA were investigated. All major changes described occurred in the

fraction of high biomass, whereas no significant changes could be found in the G+C

fraction representing more minor members of the community. This does not exclude the

possibility that dominance within other high G+C fractions, e.g. 61% or 67% G+C

fraction, might have very different responses to soil age. Further investigations on this

soil series would be necessary to clarify this.

This chronosequence on the Island of Hawaii supplied a relatively simple

system of developing soils to study and evaluate microbial community structure and its

interaction with soil developmental processes over time. However, even though I know
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that the Hawaiian islands are not recovering from the history of disturbances like the

Pleistocene glaciations in temperate regions, the history of disturbances in the sampled

area is not entirely known. Furthermore, I cannot claim long term stability or

equilibrium stability in these tropical soils, since there is a constant input of nutrients

and possibly microorganisms via the trade winds. Exogenous inputs of Asian dust

deposition (Jackson et al., 1971) might also be a constant source of nutrients and

nonindigenous microorganisms. The possible influence of these inputs may prevent

equilibrium in these communities. In addition, fungal activitiy might be the initial step

of foliar decomposition. Also, the encountered community transition rates cannot be

applied globally, since they probably occur more rapidly in Hawaii than in other soil

sites due to abundant rainfall, warm year-round temperatures, and easily weathered

primary minerals. Nevertheless, the understanding of community development gained

on this Hawaiian chronosequence is an important first step to understanding

developmental changes of microbial communities, and might be broadly applicable to

continental or other island systems. The increase of microbial phylotype dominance

along the chronosequence, which was offset by a decrease in phylotype diversity after

the intermediate stage of soil development, might represent a typical development for

the major fraction of microbial biomass in other mature soils.
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STATISTICAL COMPARISON OF COMMUNITIES

BY RAREFACTION CURVES

When analyzing community structure we need to know when we have sampled

enough organisms to sufficiently characterize the community. When applied to SSU

rDNA analyses of communities this equates to determining when a clone library is large

enough to characterize the sampled bacterial community, i.e. when diversity in the

‘number of species’ versus ‘number of individuals sampled‘ curve levels off (Gleason,

1922) (Fig. 1). With the rDNA method different taxa can be defined as clones with

different restriction fragments derived form using several tetramcric endonucleases: these

different groups have been termed phylotypes. More specifically, such analyses

actually reflect the population distribution of amplifiable rDNA operons. While this

does not represent species in a formal sense, it is a measure that groups like individuals,

and hence “species” diversity measures can be used to characterize rrn populations.
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Figure 1. Sampling plot of the dependence of diversity on the number of individuals.

Region A refers to the curve area of rapid accumulation of phylotypes associated with

increasing number of clones sampled. As the number of clones added becomes larger,

region B, the clone library has become large enough that new phylotypes are added at a

much slower rate (adapted after Sanders 1968).

The clone libraries collected fiom an environment are finite samples of a much

larger community. We can measure the phylotype abundance distribution within a clone

library, but of ecological interest is the diversity of the bacterial community as a whole.

To estimate the trend of species richness in a clone library with respect to the sampling

curve (Fig. l), rarefaction analysis can be used. Furthermore, the rarefaction curves of

several communities plotted together render a graphical display of the differences in

diversity of those communities.

Rarefaction should be used only for clone libraries that have been obtained by using

standardized sampling and processing protocols. Rarefaction curves are not to be used

to extrapolate beyond the number of clones collected (Tipper, 1979).
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Rarefaction analysis. Rarefaction analysis is a statistical technique for

comparing diversities of organismal communities. Given the species-abundance

distribution of a collection, 1'. e. a clone library, rarefaction confers estimates of the

species richness of sub—samples taken from it. When plotted against the subsample,

these estimates define the rarefaction curve, which is a deterministic transform of the

phylotype abundance distribution within the clone library. Rarefaction curves have

been calculated to compare phylotype diversity of total soil community DNA versus

fractions of this community DNA based on G+C content, and to compare these

fractions among different soils. Rarefaction allows for unequal sample size and

estimates the species richness (i.e. number of phylotypes), E(Sm), that a total

population ofN individuals would have, if its size were randomly restricted (rarefied) to

a sample of m individuals (i.e. clones taken from a clone library) (Tipper, 1979).

Rarefaction is computed using the equation:

E<Sm>=éil-t”;”‘i/t21

where S is the number of species in the parent collection, Ni is the number of individuals

of the i-th species, N is the number of individuals in the parent collection (i. e. the entire

clone library), and m is the number of individuals in the rarefied sample (m<N)

(Sirnberloff, 1978). Since this calculation has no probabilistic basis, Simberloff (1978)

created the software program SIM that calculates the variance of the expected species

richness E(Sm).
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The SIM rarefaction program. The rarefaction program SIM is written in

FORTRAN-IV for a maximum of 550 operational taxonomic units. This program

computes the expected species richness (E(SN)), the variance Var(SN) of this estimate,

and the standard deviation (SD) of the estimate for rarefied, i.e. restricted, samples.

These values are needed to compare the phylotype richness of clone libraries of tmequal

size. The data entry and output are shown in Figure 2; an example of rarefaction curves

calculated with the software SIM can be seen in Figure 3.

Entry form:

 

 

N NS NUM

89 67 15

CPI CPz CP3....CPns

18431111111111111

11111111111111]

1]]

1111111111111111

lll

numi numz HUITI3... numNUM

1510152025303540455055606570   
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N

89

NS

67

NUMBERS OF INDIVIDUALS IN THE DIFFERENT SPECIES

N

l

5

10

15

20

25

30

35

40

45

50

55

60

65

70

184

l

l

l

l H
a
d
—
n

E(S)

1.0014

4.6532

8.7892

12.7213

16.5618

20.3495

24.1009

27.8210

31.5156

35.1878

38.8413

42.4792

46.1044

49.7196

53.3271

311

SD.

.3963

.7028

1.1487

1.4472

1.6537

1.7871

1.9102

1.9898

2.0454

2.0714

2.0705

2.0391

1.9773

1.8793

1.7407

11111111111

VARIANCE

.1571

.4939

1.3195

2.0943

2.7348

3.1938

3.6490

3.9594

4.1836

4.2909

4.2869

4.1578

3.9097

3.5318

3.0300  Stop - Program terminated.
 

Figure 2. Example of data entry and output for the rarefaction program SIM using data

from a fraction at the youngest Hawaii site, Thurston.

The data entry (top part of Fig. 2) requires the the following raw data:

0 N, is the number of individual clones in the clone library (here: 89)

0 NS, is the number of phylotypes

NUM, is the number of subsamples, mm, of individual clones to be drawn from

the clone library
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o numi‘ is a step in the array of subsamples in ascending order

0 CP, is the number of clones in each phylotype

0 NUMBERS OF INDIVIDUALS IN THE DIFFERENT SPECIES,

is the number of clones in each phylotype sorted by descending

abundance

70 m
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Figure 3. Rarefaction curves calculated by the rarefaction program SIM for comparison

of three related clone libraries. Non-fractionated DNA (A) is compared with fractions

of the same sample first separated by its G+C content for their phylotype diversity.

Since rarefaction curves produce values of E(Sm) only for integer values of m, the

datapoints representing the rarefaction curve must be identified.

Rarefaction is a weak statistical technique, since identities of the species are not used.

Because the rarefaction curve is a mere transformation of the original phylotype-
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Rarefaction is a weak statistical technique, since identities of the species are not used.

Because the rarefaction curve is a mere transformation of the original phylotype-

abundance distribution, I suggest here that comparison of rarefaction curves for other

than graphical reasons should more profitably be replaced by direct comparison of those

distributions, using the Kruskal-Wallis test statistic (Appendix B).
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APPENDIX B

STATISTICAL ANALYSIS OF ARDRA DERIVED

RANK-ABUNDANCE PATTERNS

The following represents an outline for the statistical analysis of ARDRA

derived phylotype-abundance distributions in four steps, and its use is demonstrated for

an analysis of a sequence of four soils of different age (Chapter 3). The tests and their

use are:

l. Chi-Square test. Use the Chi-Square test to show that there is statistical evidence

of a lack of homogeneity across time in the probabilities of SSU rDNA clones being

in the various ranking groups.

2. Kruskal-Wallis test. Use the Kruskal-Wallis test to again provide statistical

evidence of lack of homogeneity. When the null hypothesis is rejected, use Multiple

Comparisons Procedure to pinpoint which of the possible 6 pairings of the 4 time

periods are apparently different.

3. Confidence intervals. Give confidence intervals on the differences between the

true portions in the most dominant phylotypes at different times. Then give similar

107
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confidence intervals on the differences between the true portions of lower ranking

phylotypes.

4. Trendlines. Create graphics and equations for trendlines fitted for the phylotype-

abundance distribution curves.

To compare rank-abundance patterns from different soil samples we have to

apply tests that are independent of population distributions and associated parameters,

so-called nonparametric tests. This type of test becomes necessary since we cannot yet

make any assumptions about the distribution of the population from which the samples

are drawn. Both the Chi-Square and Kruskal-Wallis tests are non-parametric tests.

They are different approaches for a parallel evaluation. I did not use ANOVA here

since it compares averages and ignores the distribution aspects.

1. THE CHI-SQUARE TEST OF HOMOGENEITY

The Chi-Square test is designed to analyze the equality of proportions (Conover,

1980). The Chi-Square test statistic, )8, denotes the difference between observed and

expected frequencies of an event. At x2=0 the observed frequency of events is equal to

the expected one. I applied the Chi-Square test to show that there is statistical evidence

for a lack of homogeneity across different soil samples (i.e. across time) in the

probabilities of being in the various ranking groups.
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Contingency table

The observed data are sorted into a contingency table, a two way classification

table where the rows represent ordered categories c and the columns symbolize the

different populations It (Table 1) (Johnson et al., 1996).

Table 1: Contingency table to classify and rank different populations in categories

 

 

 

 

 

 

 

 

c categories J

k Populations Category 1: Category 2: Category c: Row Total

1'

Population 1 011 012 0ic ni

Population 2 021 022 0;, n1

Population 3 031 032 03c n3

Population k 0“ 0),; 0,,c nk

Column total tj t, t; tc Grand total N     
 

k is the number of distinct populations (here: soil communities) from which samples

have been drawn. c is the number of categories into which each sample has been

classified. Note that the categories are ordered. The indices i and1' stand for i, rows, and

j, columns. 11, is the sample size of the sample from the 1*“ population. Oij is an

observed count in populationj that fall into the ith category. The grand total N is defined

as the total number of observations (sum of all 12,) of all cells in the table. I,- is the sum

of observed counts across k populations within a category
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Hypothesis

The objective is to determine if the observed proportions in each category are

nearly the same for all populations (Conover, 1980).

Null hypothesis H0: Homogeneity exists across the chronosequence between the four

different clone populations of each clone library. The

probabilities for all populations are the same in each category or

ranking groun H6: 171 =p2 =p3 =p4

Alternative hypothesis Hi: Nonhomogeneity across the time periods. Probabilities

for all populations are different in each category or ranking group.

H1:p1¢p2 ¢P3 ¢p4

Test Statistic

The objective is to test whether the populations are homogeneous with respect

to cell probabilities (Conover, 1980). In formula [1] the )8 statistic is calculated by

comparing observed counts with expected counts.

12 :2 if) ; [1](0,]. ‘ 5'

Err

The indices i andj stand for i, rows, andj, columns. Oij is an observed count, and Eij is

the expected cell frequency in any table cell if. The expected cell frequency is defined as

_ (row total for row i)(column total for columnj).
E.. , 2

grand total N [ ]
u
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to determine the degrees of freedom for this test statistic we calculate

d.f. = (number of rows - 1)(number of columns -1). [3]

The region of rejection for the null hypothesis is defined by a cut off criterion 0t which

can be found in tables for Chi-Square distribution: x2 2 1: [4]

Example

As an example I calculated the test statistic for the chronosequence described in

Chapter 3. The phylotypes were divided into three categories or ranking groups, the

most dominant phylotype in each clone library, the second through the fifth most

abundant phylotype, and finally all phylotypes in the sixth and higher position. The

subdivision into the three described categories yielded the best comparative results. The

clone libraries constructed for the four soil ages represent the populations in the

contingency table (Table 2). The expected cell frequency Ey' was calculated using

formula [2].
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Table 2: Contingency table for four soil bacterial communities from soils of different

age. Observed counts are classified into three ordered categories. The number in

parentheses denote the expected cell frequencies. All data are derived from the 63%

G+C fraction. The data for the two oldest soils (populations k; and k4) are contributed

by three replicates each.

 

 

 

Population: Category 1: Category 2: Category 3:

Soil Age Phylotype l Phylotype Phylotype 6 Row Total

2=>5 plus

k, 200 yrs 10 (20.6) 19 (16.4) 47 (39.0) 76

k2 2,100 yrs 13 (20.9) 18 (16.6) 46 (39.5) 77

k3 20,000 yrs 43 (69.2) 27 (55.0) 185 (130.9) 255

k4 150,000 yrs 109 (64.3) 75 (51.1) 53 (121.6) 237

COIWFO‘“ 175 139 331 645
across time
 

Following equation [3], the test statistic will have six degrees of freedom. In a Chi-

Square table we find x02 = 12.59 to be the limit at a typical level of significance of

p<0.05 and six degrees of fieedom (Johnson et al., 1996). We reject the null hypothesis

H0 if x2212.59. Following equation [1] the test statistic has a value of x2 = 139.2. Since

formula [4] is met we can reject the null hypothesis that there is homogeneity across soil

age for the three ranking groups. Similar calculations lead to a rejection of the null

hypothesis for the 35% G+C fraction, although a Chi-Square test result of 19.4 (p<0.05)

in Chapter 3 indicated much less difference between the four soil ages.
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Figure 4. Clones per phylotype group for the 63% G+C fractions of a chronosequence

of four soils. The two oldest soils are shown as the mean ofthree clone library

replicates.

A graphical comparison of determined and expected cell values is shown in

Figure 3 and Figure 4 for the 63% G+C fractions of the chronosequence. The high

diversity contributed by rare members ofeach clone library (Fig. 3, ranking group 6th-

...) has a strong effect on the Chi-Square value when the dominance pattern becomes

more structured with increasing soil age (Fig. 4). The two oldest soils contribute the

most to the value of Chi-Square, especially their extreme ratios of phylotype diversity

over clone number (Fig. 5).
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Figure 5. Contribution ofexpected cell fiequencies in the contingency table (Table 2)

to the value of Chi-Square for the 63% G+C fractions ofa chronosequence of four soils

(equation [2]).

Since the test statistic had a value of x2 = 139.2 we rejected the null hypothesis Ho of

7621259.

The Chi-Square test successfully disproved the null hypothesis, and gave statistical

evidence for a lack ofhomogeneity across soil samples of different age in the

probabilities ofbeing in the three ranking groups.
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2. THE KRUSKAL-WALLIS TEST

The Kruskal-Wallis test is designed to analyze different, independent

populations of more than two samples to make comparisons between them (Conover,

1980). It is a function of the ranks of all observations in the combined sample. After

briefly explaining the test’s theory I will demonstrate how to apply the Kruskal-Wallis

test using actual data from the chronosequence of four soils in Chapter 3.

Assumptions. The following assumptions are made when the Kruskal-Wallis test is

used (Conover, 1980):

1. All samples are random samples from their respective populations

2. There is independence within each sample, as well as mutual

independence among the various samples

3. The measurement scale is ordinal or higher

Hypotheses:

Null hypothesis Hi): All of the population distribution functions are identical. 1. e. , all

four time periods of the chronosequence have rank-abundance

distributions equal for dominance and diversity of the soil

bacterial community.

Alternative hypothesis Hi: At least one of the populations tend to yield larger

observations than at least one of the other populations. That is,

at least one of the four time periods of the chronosequence is
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characterized by a greater degree of dominance and diversity than

at least one of the remaining time periods

Contingency table. Again a contingency table is made (Table 1), and ranks are

computed for each cell. Rj is the average rank in the jth column, and ii is again the column

   

total,

- t,+1 — t2+l — t3+l — "‘ (n+1)
=——; R2=t+ ; R_=t+t+ ; ..... RC: ti-l- ; [1]

l 2 1 2 3 l 2 2 j; 2

whereas the sum of ranks on the 1*” row is

a=2m§ m

where c is the number of categories.

Test Statistic T

Rejecting the null hypothesis. If the null hypothesis H0 is true, then the

contributions of the respective ranks E, R; R, in each sample should each be the same

(proportional to sample size ni). Differences between samples change contributions of

E, Te; E, and increase the test statistic T considerably (Spiegel, 1994). After

calculating the test statistic T the null hypothesis H0 is rejected if T > 121-0, (at the level

of significance or). The critical region of a typical level of significance a = 0.05

corresponds to values of T greater than the 0.95 quantile of a Chi-Square random

variable with k-l degrees of freedom which can be found in tables for Chi-Square

distribution (Johnson et al., 1996).
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1 * .2 N(N+l)2
T=—[2—f—i 131

The value of the test variability, $2, is calculated from the equation

1 c — 2 N(N+1)2
S2 = -— t. R. —— 4

41.2.11) 4 i ”

Multiple Comparisons Procedure. If H0 is rejected (and only then), the following

multiple comparisons procedure can be employed to determine which pairs of

populations tend to differ (Conover, 1980). The number of possible pairwise

comparisons for k populations is

[SH-5%) [51

Assume that the ith and j‘h populations are different, if the following inequality is

satisfied:

R1 Rj

m "j

Nahum/74— [6]

  

where

kit—"“0110N-k m n;

Riand RJ- are the rank sums of the two samples, (1.“); is the (1- a/2) quantile of the (-

distribution with N-k degrees of fi'eedom (see tables for t distribution (Johnson et al.,

1996)).
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This procedure is repeated for all pairs of populations (see Table 4 below as an example

for k=4 populations).

Example

As an example we calculate the test statistic for the chronosequence described in

Chapter 3, four different soil communities (populations k=4), each representing a

different soil age; 72,, n2, n3, 724. are the number of clones investigated for each soil. All

data are derived from the 63% G+C fraction. Again, as for the Chi-Square test above, all

observations are pooled in a contingency table, and the phylotypes were divided into

three categories or ranking groups. The most dominant phylotype in each clone library

is treated as another rank, R, , the second to fifth most dominant clones are treated as

the same rank E , and finally all ofthe remaining sixth and higher clones as grouped as a

third rank, 'Rj.

 

The Kruskal-Wallis Test Step by Step

1. Compute average ranks for the different classification levels. Then compute

row ranks using both: (a) average ranks from step 1,

and (b) all observed counts

2. Compare the error variance S2

3. Compute the Kruskal-Wallis test statistic T

4. Determine, if T lies within the ‘tail’ of x2

5. Reject homogeneity between populations (soil samples)

6. Use Multiple Comparisons Procedure to compare populations pairwise.   
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1. Computing the ranks using a contingency table (Table 1).

First, compute the average ranks E, R; R: for each of the respective ranking groups

using equation [1].

— 175+] — 139+] 331+l
  

 =158; E=88+158+ =412;

Second, compute the rank totals R; s for all rows using equation [2].

R1 = 10(88)+19(158)+ 47(412) = 23,246; same calculation for R2 through R4

2. Determining the test variability S2. The total number of clones in all samples is

N=645. The number of categories is c=3. The value ofS2 is calculated using equation

[4]: 82:2898893

3. Rejecting the null hypothesis. Using the result for test variability $2 in equation

[3] the value of the test statistic T is determined as T=125.4. For k-1=3 degrees of

freedom, the quantile found in the Chi-Square distribution table for the common level of

significance 0r=0.05 is 7.81. Since the test statistic T is of higher value than 7.81, the

null hypothesis H0 of identical populations and hence, identical population

distributions, is rejected. This allows us to continue with the Multiple Comparisons

Procedure.

4. Multiple Comparisons Procedure. Equation [6] denotes the inequality that has to

be satisfied iftwo populations i andj are called significantly different. Following the
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equation N-k the test statistic will have 641 degrees of freedom. From the tables for t

distribution, the standard variable lr-(a/z) quantile with N-k =64] degrees of fi'eedom is ti-

4

(a/2) =1.96 for a typical a=0.05. According to equation [5] we can make (2)=6 different

pairwise comparisons of soil samples of different age (populations) in the group of four.

R, and RJ- are the rank sums oftwo samples each in a pairwise comparison (Table 3).

The value of constant b is obtained using equations [3] and [4]

\fi; =\/(S2NN;;—7:)=153.15.

 

Table 3. Results for the Multiple Comparisons Procedure of four different soil

bacterial communities.

  

 

Rt R" l l

_._ I tl-(al2)JE\/—-—Populations n_ n}, Statement‘I
l

    

l and 2 10.79 48.53 False

1 and 3 19.34 39.23 False

l and 4 144.33 39.57 True

2 and 3 30.13 39.03 False

2 and 4 133.54 39.37 True

3 and 4 163.67 27.08 True

 

° That the compared populations have a different distribution

The Kruskal-Wallis test will indicate if there is a statistically significant

difference between any two of the means. In half of the cases the second column



121

exceeds the third column. The Multiple Comparisons Procedure shows that the rank-

abundance distribution of the Kohala clone library at 63% G+C is significantly different

from the rank-abundance distributions of all three younger soils (p<0.05). There is,

however, no significant difference amongst the three younger soils. The second colmnn

exceeds the third colmnn in all of the cases for the 35% G+C fractions of the

chronosequence. The Multiple Comparisons Procedure shows that the rank-abundance

distribution of the four clone libraries fiom the chronosequence 35% G+C fiaction

shows no significant difference amongst the four soils (p<0.05). However, at a coarser

level of significance of p<0.2, in one third of all cases the second column exceeds the

third column. The Multiple Comparisons Procedure reveals that the rank-abundance

distribution of the Ola'a and the Laupahoehoe clone library from the 35% G+C fraction

are significantly different from the rank-abundance distributions of the oldest (Kohala)

soil. There is, however, no significant difference amongst the three younger soils and

between the youngest and the oldest soil.
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3. CONFIDENCE INTERVALS

To statistically support differences in relative abundance of the most dominant

phylotypes between soils in the chronosequence, I used confidence intervals. A

confidence interval is an estimate. Here we estimate the true probability of a single rrn

clone drawn from the soil and belonging to some dominance rank. The estimate is the

fraction of bacteria in that rank for a specific sample. Suppose pi is the unknown

probability of being in the most dominant group for time period 1, and further suppose

p2 is the unknown probability of being in the most dominant group for time period 2. If

a 95% confidence interval estimate is (0.07, 0.19) you are "95% confident” that the most

dominant group comprised at least 7% more of the population in Time period 1 than the

most dominant group in Time period 2 comprised of the population in the second time

period. If the confidence interval pi-pz contains only positive values we can be

confident that pi is bigger than p2. The confidence interval shows a lack of homogeneity

if it does not include 0, i.e. there is no statistically significant difference.

The Chi-Square- and the Kruskal Wallis-tests test for lack of homogeneity at a

coarser level than confidence intervals. In these tests rank distributions between two

communities are viewed as two separate entities and hence different from each other.

The confidence interval estimates onpi- p2 are more specific. They allow one to pick a

certain dominance rank, and to estimate how much the contribution of that specific rank

to the whole population differs across two time groups.

Calculate the confidence interval forp1' 1);, where pi is the true probability of

being in the most dominant rank group in a certain clone library 1, while p2 is the true
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probability ofbeing in the most dominant rank group in a certain clone library 2. An

approximate 100(1- a)% confidence interval forpi- p; is (Johnson et al., 1996):

 

 (fir—fi2)iza12\/pi(l—pl)+ [72(1-P2) [1]

n1 n2

for 0<pi<1, and large sample sizes hi and n; from the two populations that are

compared.

In the example of the chronosequence I assume for the probability multiplier

20112 = 1.96 which corresponds to a level of significance ofp <0.05. As an example I

formulated the result for the 63% fractions of the chronosequence (Chapter 4): I am

95% confident that the most dominant group comprised at least 7% more of the clone

library at the oldest site, Kohala, than the most dominant group at the youngest soil,

Thurston. Also, I am 95% confident that the most dominant group comprised at least

5% more of the clone library at the 20,000 year old Laupahoehoe than the most

dominant group at the youngest soil (Thurston). The confidence intervals of factorial

combinations of other soils did not show significant differences.
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4. TRENDLINES

Graphical trendlines are regression curves calculated to fit the phylotype-

abundance distribution curves for the respective soil ages (Fig.6) (Spiegel, 1994). These

trendlines are based on the formula of a geometric curve y = ax” , where, in a rank-

abundance distribution, y—values denote phylotype abundance while x-values represent

the rank ofthe respective phylotype. In comparing curves, the factor or is influenced by

the number of dominant phylotypes, while factor B is dependent on the frequency of

rare phylotypes, and hence a measure of phylotype diversity. Beta gains influence with

 

increasing values of x. Trendlines can easily be calculated using the software program

Excel 5.0 (Microsoft Coorporation) (Fig. 6).
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Figure 6. Regression trendlines and their equations calculated to fit the rank-abundance

profiles for the four soils of the chronosequence. All graphics describe the 63% G+C

fractions for each respective soil site.
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R2 is the percentage of all variability in the frequencies which is accounted for by the

fitted trend-line in each case (Johnson et al., 1996). Here, It2 is a descriptive statistic,

and 1 am not assuming any underlying probability distribution. As an example I sorted

the different factors for the four soils of the chronosequence described in Chapter 4

(Table 4).

Table 4. Comparison of factors a and B in the regression equation y = ax’3 for

rank-abundance distributions of four soils of different age (63% G+C fraction)

 

 

 

Soil site Soil age (y) Alpha Beta R2

Thurston 200 6.850 -0.575 0.816

Ola’a 2,100 5.634 -0.519 0.707

Laupahoehoe 20,000 2.706 -0.282 0.390

Kohala 150,000 20.313 -1.084 0.928

 

In this study trendlines are merely used as a graphical approach to show the

trend of diversity versus dominance across age differences, and to express this trend

numercially. There is, however, no statistical merit to trendlines in this study, since we

cannot actually compare them between different soils. Regression analysis treats the

series of phylotypes as a continuum rather than as a series of independent single events

that it is. The strong dependence of residuals (individual deviations from the regression
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line) is thus not taken into account. Therefore, I did not calculate confidence intervals or

tests of hypotheses based on trendlines. However, trendlines are useful in determining

the similarity of replictates (e. g. 20,000 year series in Table 5). Table 5 summarizes the

results for the trendline equations for all soils investigated.

Table 5. Comparison of factors a and [3 in the geometric regression equation y = 0:ch3

for rank-abundance distributions of all soils investigated (63% G+C fraction)

 

 

Soil Age (y) Vegetationa Alpha Beta R2

200 F 6.850 -0.5746 0.8160

2,100 P 5.634 -0.5189 0.7069

20,000 F- Rep A 2.195 -0.2171 0.3853

20,000 F- Rep B 2.706 -0.2816 0.3899

20,000 F- Rep C 3.654 -0.3742 0.610]

150,000 P- Rep A 9.564 -0.6261 0.7163

150,000 P- Rep B 1.83] -0.7052 0.7053

150,000 F 20.310 -1.0840 0.9278

150,000 F- Rep A 30.505 -1.3242 0. 9548

150,000 F- Rep B 9.564 -1.4311 0. 9443

 

° F stands for forest, P for pasture soils. Rep stands for replicate.
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SUMMARY AND RECOMMENDATIONS

For this summary we use again the example of the Hawaiian chronosequence of

four soils (Chapter 4). The variable in this soil series is soil age. For each soil age we

created rank-abundance profiles of phylotypes derived from SSU rDNA clones. The

statistical analysis should determine

(i) if the rank-abundance profiles are different from each other [Chi-

Square test], and if so,

(ii) which of all possible pairings ofthe four soil ages are different

[Kruskal-Wallis test], and finally,

(iii) amongst those different pairings which rank group of SSU rDNA

clones contributed significantly to that difference [Confidence intervals].

This sequence of statistical analyses is appropriate if one wants to compare

independent profiles for their significant differences. The observed data have to be

arranged in increasing order according to some property such as quality or value (e.g.

rank); samples can have different sizes (e.g. different clone libraries) (Conover, 1980).

The Chi-Square test is less powerful than the Kruskal-Wallis test. In addition to

showing that data collections (e.g. rank-abundance profiles) are different the Kruskal -

Wallis test statistic is also a function of the ranks of the observations. However, it

involves more effort than the Chi-Square test. Both, the Chi-Square test as well as the

Kruskal-Wallis test are valid only for large samples (Johnson et al., 1996). Cell

frequencies no smaller than 2 5 are normally required. Replicate analyses of soil from
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the same site are necessary to determine if within site variation between rank-abundance

profiles is significantly smaller than between site variation.

For a quick descriptive comparison of the four rank-abundance profiles without

any statistical assertion trendlines can be made. Trendlines can however be useful to

compare two replicates. The calculations necessary for all tests mentioned are quickly

done with any advanced spreadsheet software (e.g. Excel by Microsoft) or with

common statistical software packages (e. g. Jump by SSPS).

The statistical methods outlined in this Appendix go partly beyond what was

used for this study. Their comprehensiveness should help colleagues who work on

similar questions in finding the appropriate approach to particular problems with rank-

abundance based community studies.
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