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ABSTRACT

NUCLEIC ACID ANALYSIS OF AUTOTROPHIC AMMONIA-OXIDIZING

BACTERIA IN SOILS

By

Mary Ann Bruns

Nitrification, the microbial oxidation of ammonium to nitrate, leads to

significant nitrogen (N) losses from soils. Nitrification rates in soils have been

related to population sizes of ammonia-oxidizing bacteria, but population

structure effects are poorly understood. This study employed nucleic acid-

based methods to determine how ammonia oxidizer populations differed in

cultivated, never-tilled, and successional soils. Hybridizations were

conducted between genomic DNA from pure cultures and probes from

Nifrosomonas europaea genes for ammonia monooxygenase and

hydroxylamine oxidoreductase. These probes produced 24 to 80% less

hybridization signal in genomic DNA from four other ammonia oxidizers under

low-stringency conditions. This indicated that N. europaea functional probes

would not provide quantitative size estimates for heterogeneous populations.

Sizes of ammonia oxidizer populations in soils were determined by Most

Probable Number (MPN) enumeration in media containing 10, 100, or 2000

ppm NH4-N. MPN counts were consistently one-tenth lower in never-tilled

soils than in cultivated soils. Population structures were compared by using

PCR to amplify 16S rFtNA genes of ammonia oxidizers from bacterial

community DNA, cloning the PCR products, and comparing cloned sequences

for percent similarity over a 318-base region. The 168 rRNA gene sequences

obtained from never-tilled soils were four times more diverse than sequences



obtained from cultivated soils. A phylogenetic tree showed that sequences

from cultivated soils fell within one distinct cluster of Nitrosospira; sequences

from never-tilled soils fell into two clusters of Nifrosospira and one of

Nitrosomonas. Denaturing gradient gel electrophoresis (DGGE) patterns

differed between samples from never-tilled and cultivated soils; patterns from

samples from replicate plots of each treatment were very similar in each of two

successive years. Probe hybridizations of DGGE blots showed that

sequences from the single subgroup of Nitrosospira spp. predominated in

samples from cultivated or fertilized successional soils; these were not

detected in samples from never-tilled or unfertilized successional soils.

Differences in populations were reflected in mean NH4-N concentrations that

were tenfold higher in never-tilled soils than in cultivated soils. Different

influential factors in these soils include pH, allelopathy, microsite distribution,

or direct effects of cultivation and fertilization.
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Chapter One

OVERVIEW

Nitrification, the microbial oxidation of ammonia to nitrate, can lead to

significant nitrogen (N) losses from ecosystems. Nitrification occurs as a two-

step process carried out by two different groups of autotrophic bacteria:

ammonia-oxidizing bacteria first convert ammonia to nitrite; then nitrite oxidizers

convert nitrite to nitrate. Both groups oxidize inorganic N as their principal

source of energy and use 002 as their principal source of C (Book at al., 1989).

Autotrophic nitrifiers must be distinguished from heterotrophic nitrifiers, which

include some soil fungi and soil bacteria such as Arthrobacfer spp. (Kurokawa

et al., 1985). The heterotrophic nitrifiers oxidize reduced inorganic N in

cometabolic reactions, but not as a means of generating energy (Killham,

1986). Heterotrophic nitrification constitutes only a small fraction of total

nitrification in most soils (Kuenen and Robertson, 1988).

Virtually all soils containing NH4-N are subject to nitrification, and

nitrification rates vary widely. Nitrification rates are typically low in 'undisturbed

soils, such as grasslands and some forest soils, compared to cultivated soils

Miich receive N fertilizer and undergo disturbance (Clark and Paul, 1970;

Schmidt and Belser, 1982). Nitrification rates are controlled principally by NH4-

N concentration, but other environmental factors such as pH, temperature,

oxygen content, and moisture also play important roles (Robertson, 1990). The

size of the autotrophic nitrifier population is related to nitrification activity in soils

(Belser and Mays, 1982), but the influence of population structure on nitrification

rates is poorly understood.
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The autotrophic nitrifiers represents a critical link in N cycling within

microbial and plant communities. In acid and neutral soils nearly all ammonia

is protonated. When N is in the form of ammonium (NH4+), it is retained in the

soil as an exchangeable cation bound to negatively charged sites on mineral or

organic soil components (Young and Aldag, 1982). Ammonium can also be

retained as a nonexchangeable cation held in clay mineral interlayers or

organic matter complexes (Nornmik and Vahtras, 1982). In the intracellular

environment of ammonia-oxidizing bacteria, the substrate that is oxidized is

ammonia. When nitrifying bacteria convert ammonia to nitrate, N in the anion

form is no longer held at negatively charged sites on soil colloids. Nitrate is

mobile and susceptible to loss from the system by leaching into groundwater or

by denitrification as nitrogen gases into the atmosphere. The activity of nitrifying

bacteria is a major factor in determining whether the soil retains or loses

nitrogen. Ammonia oxidizers are the more functionally important group of

nitrifying bacteria, since they carry out the first, rate-determining step in

nitrification (Koops and Moller, 1992).

The objective of this study was to determine whether soils with different

disturbance histories select for different populations of autotrophic ammonia

oxidizers (AAOs). Soils for this study were obtained from replicated, 1-ha plots

at the Long-Term Ecological Research (LTER) site at Kellogg Biological Station

near Kalamazoo, Michigan. This site was established in 1989 to study

ecological interactions, nutrient availability, and biotic diversity of cropped,

native, and successional ecosystems that are representative of the Upper

Midwest USA (Robertson et al., 1996). The two treatments with the most

distinctive disturbance histories at LTER are Treatment 1 (high-input,

conventionally tilled rotation of corn and soybeans) and Treatment 8 (never-

tilled, native successional). Prior to 1989, Treatment 1 plots had been cropped
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in corn and soybeans for at least 40 years. These plots have been moldboard

plowed, disked, and cultivated every year since 1989, and they have been more

intensively fertilized than all other treatments at LTER. Treatment 8 plots, which

were cleared of native deciduous forest in 1959, have never been cropped or

fertilized. A third treatment, which has a disturbance history intermediate

between Treatment 1 and Treatment 8, is Treatment 7 (historically tilled

successional). Treatment 7 plots had also been under cultivation before 1989,

but since that year have been undisturbed, unfertilized, and left to revegetate

with native successional flora. Treatment 7 plots contain 5x5 m micropIots

which have been fertilized every year. These three main treatments plus the

micropIots are described in the following chapters as cultivated, never-tilled,

unfertilized successional, and fertilized successional treatments, respectively.

The most common method for studying AAO populations in soils has

been to estimate numbers of MOS per gram of soil with Most-ProbabIe-Number

(MPN) analysis (Schmidt and Belser, 1982). MPN media tend to select for

nitrifiers that grow fastest under the conditions provided, however, and recovery

efficiency is poor (Belser and Mays, 1982). MPN analysis is uninformative

about in sifu population structures of M03 in soils. Although fluorescent

antibody analysis has been used to study AAO population diversity in soils

(Belser and Schmidt, 1978), fluorescent antibodies can only be prepared for

I AAO strains that have already been cultured, so that uncultured strains are not

detected. In one study, antibodies developed against all isolates from one soil

did not cross-react with half of the isolates obtained from a different soil. AAO

diversity thus appears to be too great for fluorescent antibody analysis to

provide reliable characterizations of population structures in soils from diverse

locations.
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Nucleic acid-based methods offer significant opportunities for the study of

in sifu populations of AAOs. These methods, which are based on the study of

bacterial DNA rather than the bacteria themselves, do not require the organisms

to be cultured. The first steps in nucleic acid analysis of bacterial communities

are to extract community DNA from soils by lysing the cells and purifying the

DNA that is released. Appendix A at the end of this dissertation describes the

development and evaluation of the DNA extraction and purification methods

Used in this study. AAO populations (typically 104 to 105 per gram) represent

less than 0.01% of total bacterial numbers in soils, which typically range from 1-

5 x 109 per gram (Schmidt and Belser, 1982). Thus, the total amount of

bacterial community DNA from soil will contain only a small fraction of ammonia

oxidizer DNA. Despite proportionally small populations of AAOs in soils,

specific genes or gene fragments from their DNA can be copied in the

polymerase chain reaction (PCR) with oligonucleotide primers that are

complementary to their genes (Schmidt et al., 1991). Gene fragments in the

PCR product mixtures can be separated by inserting individual fragments into

clones of Escherichia coli, these can then be analyzed for their DNA sequences

or for cross-reactivity to other nucleic acid probes (Schmidt et al., 1991). Entire

PCR mixtures can also be analyzed by denaturing gradient gel electrophoresis

(DGGE), which is now considered to be more efficient and informative than

previous cloning and sequencing methods (Muyzer et al., 1993). DNA

sequence variation in these gene fragments should reflect variation in the

population which gave rise to them, assuming there is negligible bias in the

molecular techniques used (Suzuki and Giovannoni, 1996).

Two types of genes could be useful in analyzing variation within AAO

populations. The first type are functional genes that code for enzymes in the

ammonia oxidation pathway. DNA sequences for the genes for ammonia
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monoxygenase and hydroxylamine oxidoreductase, the two principal enzymes

in this pathway, were made available by McTavish et al. (1993) and Sayavedra-

Soto et al. (1994), respectively. These sequences were obtained from cultures

of Nitrosomonas europaea, which is the most extensively studied AAO strain.

Much of what is known about N. europaea has been generalized as being

representative of all AAOs in the environment, although this may not be a valid

generalization. Two distinct groups of terrestrial AAOs are now recognized on

the basis of phylogenetic variation: 1) the Nitrosomonas group, which includes

all strains of Nitrosomonas and some strains of Nitrosococcus, and 2) the

Nitrosospira group, which includes strains of Nifrosospira, Nitrosolobus, and

Nitrosovibrio. All terrestrial AAOs identified to date belong to the 8-subgroup of

Proteobacteria (Woese et al., 1984), although some marine AAOs

(Nifrosococcus spp.) belong to the gamma subgroup.

The second type of gene that would be useful in characterizing

population diversity of MOS are phylogenetic genes coding for ribosomal RNA

(Figure 1.1). Bacterial rRNA genes are 1500 bases long and contain signature

regions that are specific for various bacterial groups. These regions offer

specific binding sites for oligonucleotide primers or probes for group-specific

PCR. The DNA sequences for the small subunit (16S) rRNA genes of 13 AAO

strains are available in the Ribosomal Database Project (RDP, Maidak et al.,

1994). McCaig et al. (1994), in the laboratory of Jim Prosser at the University of

Aberdeen, Scotland, used the RDP sequences to develop primers specific for

M03 and their close relatives in the B—Proteobacteria. These primers were

used in PCR reactions on community DNA from a wide variety of environmental

samples. The PCR products were used to generate a database of 110 partial

16S rRNA sequences. The region for which these partial sequences were

obtained was 318 bases long and is indicated in Figure 1.1. This region
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Secondary Structure: small subunit ribosomal RNA
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the Ribosomal Database Project (Maidak et al., 1994).
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corresponds to positions 382 to 500 of the E. coli rRNA molecule.) This

database represented a much greater breadth of gene sequence diversity

among AAOs than previously available in the RDP. The database enabled

Stephen at al. (1996a) to identify four distinct clusters of Nitrosospira and two

clusters of Nitrosomonas. The greater number of rRNA gene sequences thus

made it possible to obtain a more detailed characterization of genetic diversity

among M05 in the B-Proteobacteria.

My dissertation project represents one of the first applications of nucleic

acid-based techniques to the study of M03 in soils. This dissertation was

undertaken as part of two larger community analysis research efforts. The first

effort was that of the Community Diversity Thrust Group in the Center for

Microbial Ecology (CME), a National Science Foundation (NSF) Science and

Technology Center. The research goals of this thrust group are to determine

temporal and spatial patterns of microbial diversity, identify environmental

influences on community structure, and demonstrate effects of community

structure on ecosystem function (CME, 1993). The second research effort, also

funded by NSF, was the LTER project at Kellogg Biological Station, which

integrates the study of above- and below-ground biotic diversity in agricultural

and native ecosystems.

My approach to studying microbial soil community structure was to focus

on AAOs. because of their unique functional role in nitrogen cycling and nutrient

availability. By examining diversity within one bacterial group and relating it to

soil biochemical measurements, I hoped to generate meaningful insights into

the relationships between soil microbial diversity and ecosystem function. I

believed that this approach could circumvent some of the technical and

interpretive problems involved in the study of whole soil microbial communities,

which are characterized by vast diversity and complexity.
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A grant from the U. S. Department of Education for environmental

microbiology education enabled me to work for five months in Dr. Prosser's

laboratory. During that time, I learned the cloning, sequencing, and probing

techniques used in this laboratory (Embley, 1991). In Aberdeen I also had

access to the partial 16S rDNA sequence database and identified eight

oligonucleotide probe sequences for different AAO subgroups (Stephen et al.,

1996b). After I returned to the U. S., John Stephen and George Kowalchuk

performed DGGE analysis on DNA samples from LTER soils at the Netherlands

Institute of Ecology in Heteren.

My dissertation research involved three phases, each of which

corresponds to a chapter in this dissertation: 1) culturing known M05 and

developing more reliable cultural methods for AAOs from LTER soils; 2)

evaluating nucleic acid probes for functional genes by using genomic DNA from

pure AAO cultures; and 3) developing rRNA gene probes for AAO subgroups

and analyzing diversity of rDNA sequences retrieved from bacterial community

DNA. Each chapter presents the rationale, methods, and results for one of

these research phases. The final section of the last chapter contains a

discussion of the main conclusions from this study. The appendix at the end of

this dissertation contains a published anicle which describes methods

development for bacterial DNA extraction from soils. Key findings from the

following chapters and appendix are summarized as follows.

Chapter Two, Cultural Methods for Studying Autotrophic

Ammonia-Oxldlzlng Bacteria, describes the performance of cultural

methods for enumerating and isolating AAOs from LTER soils. Key findings in

this chapter were: 1) use of lower substrate concentrations in most-probable-

number (MPN) media (10 ppm vs. 100 ppm NH4-N) gave higher recovery of

MOS from LTER soils; 2) NH4-N concentrations in LTER soils ranged from 1 to
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10 ppm; this may explain why more AAOs were recovered at the lower NH4-N

concentration; 3) MPN counts of M05 from never-tilled soils were consistently

one-tenth lower than MPN counts from cultivated soils during a three-year

period; 4) ratios of MPN counts obtained at 10 ppm vs. 2000 ppm NH4-N were

twentylold higher for AAO populations from never-tilled soils than for

populations in cultivated soils; and 5) use of a lower NH4-N concentration in

soil enrichments was an important factor in the isolation of a novel Nitrosospira

strain from never-tilled soil.

Chapter Three, Evaluating Nitrosomonas europaea functlonal

gene probes In hybrldlzatlon tests with lerososplra DNA, is a

feasibility study for using N. europaea functional gene probes to detect

homologous genes from other AAOs in the pool of DNA from the rest of the

microbial community. Key findings in this chapter were: 1) probe hybridization

signals from genomic DNA varied enough among the MOS tested to require

that probe hybridization tests be performed under conditions of low specificity,

which would increase the risk of nonspecific probe binding to DNA from other

bacteria; 2) hybridization signals with genomic DNA using a gene probe for the

hydroxylamine oxidoreductase enzyme were less variable across the MOS

tested; this means that the probe would be more Specific and reliable than other

functional probes for estimating AAO numbers; and 3) gene sequence

variability and differences in gene copy number make functional probes less

reliable for giving absolute estimates of the sizes of mixed AAO populations;

relative estimates are feasible if AAO numbers are sufficiently high to produce

detectable signal.

Chapter Four, Use of 16S rDNA Analysis to Compare

Dlverslty of Autotrophic Ammonia Oxldlzer Populations In Soils,

describes the use of PCR-based 16S rDNA analysis to compare AAO
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population structures in cultivated, never-tilled, and successional soils at LTER.

Key findings were 1) AAO gene sequences from never-tilled soils were more

diverse than AAO sequences from cultivated soils; 2) sequences of Cluster 3

Nitrosospira, a phylogenetically distinct group identified by Stephen et al.

(1996a), predominated in samples from cultivated and fertilized successional

soils but were not detected in samples from cultivated and fertilized

successional soils; 3) DGGE banding patterns were spatially reproducible over

an area of 1 km2, with replicate plots for the same treatments giving identical

patterns in two successive years.

Chapter Four's final section discusses the study‘s main conclusions,

relates them to CME and LTER research goals, and interprets them in the

contexts of microbial ecology and agronomy. Conclusions are also based on

data for relevant soil properties that have been obtained as part of the LTER

data collection program. The main conclusions of this study are: 1) sizes of

AAO populations in never-tilled soils are significantly smaller than AAO

populations in cultivated soils by a factor of ten; 2) AAO gene sequences in

cultivated soils exhibit less diversity than AAO sequences in never-tilled soils,

with Cluster 3 Nifrosospira sequences predominating in cultivated soils; 3)

predominance of Cluster 3 Nitrosospira sequences appears to be associated

with nitrogen fertilizer application, because these sequences were also

observed in fertilized but not unfertilized successional soils; 4) effects of AAO

population differences on nitrogen cycling in LTER soils may be reflected in the

consistently higher NH4-N levels observed in never-tilled plots; and 5) although

different AAO populations in cultivated and never-tilled soils exhibit similar net

nitrification rates during in-field nitrification tests, differences in population

function may still be exhibited by the lower percentages of NH4—N converted to

NOa-N during the measurement periods.
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Appendlx A, DNA Recovery from Soils of Diverse

Composition, describes the performance of DNA extraction and purification

methods with eight physically and chemically distinct soils, including soils from

the cultivated and never-tilled plots at the K88 LTER site (CK and NK soils,

respectively). Key findings were 1) bacterial cell lysis efficiency in soils using

the high-NaCI/SDS/heat method varied from 26 to 92%, indicating that this

extraction method recovers the majority of bacterial DNA from some, but not all,

soils; 2) crude DNA yields from cultivated and never-tilled soils were within the

expected ranges based on direct counts of bacteria prior to extraction; this

extraction method thus recovered the majorityof bacterial DNA from these soils;

3) coefficients of variation for crude and purified DNA yields from cultivated and

never-tilled soils were high (about 20%), which could affect reproducibility of

molecular analyses based on this method; 4) DNA yields from never-tilled soils

were approximately four times higher than yields from cultivated soils; and 5)

DNA obtained with these purification methods was of high molecular weight (>

23 kDa) and pure enough for PCR amplification.

Future research that would build on the findings from this dissertation

would include additional replications of these molecular analyses at more

frequent time intervals. Additional replications overtime would help verify the

reproducibility and reliability of these techniques. Any molecular analyses of

soils would be greatly enhanced by measuring 15N transformations in the same

samples to observe relationships between gross nitrification and AAO

population structure. Since the field of molecular microbial ecology continues

to advance, additional primers and probes are likely to become available,

particularly for M05 in the gamma-subgroup of Proteobacteria. The LTER

treatments at the K88 site offer important opportunities for continued research

on the microbial ecology of nitrification.
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Chapter Two

CULTURAL METHODS FOR AMMONIA-OXIDIZING BACTERIA

INTRODUCTION

Nitrification is the microbial oxidation of ammonia to nitrate, and it leads

to significant nitrogen (N) losses from agricultural systems when nitrate-N is

leached or denitrified (Keeney, 1986). Autotrophic ammonia-oxidizing bacteria

(AAOs) carry out the rate-determining step of nitrification in most soils, but little

is known about AAO population ecology. In this study, AAO population sizes

and structures were evaluated in cultivated and uncultivated soils from the

National Science Foundation Long-Term Ecological Research (LTER) site at

Kellogg Biological Station, near Kalamazoo, Michigan. The LTER site was

established in 1988 to study ecological interactions affecting productivity,

nutrient availability, and biotic diversity in cropped, successional, and native

ecosystems. representative of the Upper Midwest United States (Robertson et

al., 1996). M05 were selected for study in these soils, because they are a key

functional group affecting nitrogen cycling in microbial and plant communities,

and because nucleic-acid-based methods have recently become available for

their analysis (McCaig et al., 1993).

Standard cultural methods for isolating pure cultures of MOS are difficult

and time-consuming due to the long generation times of these bacteria and

their tendency to be overgrown by heterotrophs (Watson et al., 1989). As a

consequence, few pure AAO cultures are available for study, and these cultures

probably do not represent the breadth of AAO diversity in nature. Despite their

15
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limitations, laboratory culture methods offer an important entry into the study of

AAO populations. The standard cultural method for estimating AAO population

size in soils is the most-probabIe-number (MPN) procedure, in which soil

dilutions are added to replicate tubes containing growth medium composed of

mineral salts and 0.5 g of (NH4)2$O4 per liter (Schmidt and Belser 1982).

Tubes are examined for AAO growth after 4 to 8 weeks incubation (or longer),

and MPN counts are determined on the basis of the highest dilution at which

growth is observed. Some workers have observed significant differences in

MPN counts when using higher or lower concentrations of (NH4)2SO4 in

growth media (Donaldson and Henderson, 1989; Suwa et al., 1994). Our study

employed MPN analyses at three different (NH4)2SO4 concentrations to see if

such differences could be observed, and whether these differences could be

related to soil treatment.

In this study, both cultural and nucleic acid-based approaches were used

to evaluate AAO population sizes and structures in soils under different

management regimes. This paper describes the performance of cultural

methods for enumerating and isolating AAOs from LTER soils and for

maintaining and storing AAO stock cultures during development of molecular

techniques for AAO population analysis. Results of nucleic acid-based

analyses of AAO populations in these soils will be reported in a subsequent

paper

MATERIALS AND METHODS

Strains. Six strains of ammonia-oxidizing bacteria previously isolated

from soils were used in this study. Strains in this collection included three of the

five genera known to occur in soils-Nitrosomonas, Nitrosolobus, and

Nitrosospr‘ra. Nitrosomonas europaea ATCC 25978 and Nitrosolobus
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multiformis ATCC 25196 were obtained from the American Type Culture

Collection (ATCC). N. europaea ATCC 19718, Nitrosolobus strain 24-C,

Nifrosospira strain NpAV, and Nitrosospr'ra strain Np39-19 were obtained from

Dr. Ed Schmidt of the University of Minnesota. Cultures representing the other

two generauNitrosovibrr'o and Nitrosococcusuwere not available for this study.

quuld culture media. A preliminary study was carried out to select a

liquid medium suitable for culture maintenance. Growth of AAO strains was

evaluated over a 2-month period in two types of liquid media (ATCC Medium

929 and ATCC Medium 1573). Media were filter-sterilized after pH adjustment,

because they contained Mg” and Ca“ ions, which could become unavailable

for bacterial growth as a result of complexation during autoclaving (Table 2.1).

Each culture was transferred in triplicate to 16x125 mm screw-capped

tubes containing 5 ml of the two different media and incubated at 25°C without

shaking. Cultures were checked daily for acid production resulting from

ammonia oxidation, which was indicated by color change of the phenol red

indicator from pink to yellow. A sterile solution of 0.05 M K2003 was added

dropwise to cultures that had turned yellow to bring the pH back to 7.5. Cultures

were evaluated for growth consistency among the triplicate tubes and the length

of time each culture remained viable after repeated pH adjustment. Transfers to

fresh medium were made three times during the 2-month period. Cultures of N.

multiformis ATCC 25196 and Nitrosolobus strain 24-C appeared to decline

more rapidly in vigor than the other cultures, as indicated by their tendency to

stop producing acid after two weeks. Since growth of Nitrosolobus strains was

more consistent in Medium 929 than in Medium 1573, the former was chosen

for culture maintenance.



18

TABLE 2.1. Compositions of modified ATCC Medium 929 and ATCC Medium

1573.

 

 

Components Medium 929 Medium 1573

(Nitrosolobus Medium) (Nitrosomonas europaea

per liter distilled water Medium)

per liter distilled water

(NH4)2804 1.32 g1 1.70 91

MgSO4 380 mg 200 mg

0aCl2.2H20 20 mg 200 mg

K2HPO4 » 87 mg 15 mg

Fe-EDDHA 1 mg 1 m9

Phenol red (0.5% 0.25 ml 0.25 ml

solution)

Trace elements solution 1.0 ml of following mix: 1.0 ml of following mix:

Na2MoO4-2H2O 10 mg 10 mg

MnCl2-4H20 20 mg 20 mg

ZnSO4-7H20 10 mg 10 mg

000l2-6H20 0-2 mg 0.2 m9

CuSO4-5H20 --- 2 mg

Distilled water 100 ml 100 ml

Adjust pH to 7.5 with 0.5 M K2003. Filter sterilize with 0.2-u filter.

 

I Corresponds to 20 mM NH4-N (270 ppm) and 26 mM NH4-N (350 ppm) for

Medium 929 and Medium 1573, respectively.
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All transfers were made in a laminar flow hood; extreme care was taken

to prevent contamination. All lots of liquid medium were checked for

contamination before inoculation by spotting 0.1 ml onto the surface of Plate

Count Agar and R2A Agar (Difco, Detroit, MI). The culture liquid was allowed to

be absorbed by the agar before plates were inverted for incubation at 3200 for

up to one month. Stock AAO cultures were checked every month for

heterotrophic contamination by this method.

Solid medium. Growth of pure AAO cultures was tested on a solid

medium containing Medium 929 without phenol red and an agar base of 1.5%

Noble Agar (Difco, Detroit, MI) and 1% 0a003 powder. To prepare one liter of

medium, 500 ml double-strength agar base and 500 ml double-strength

Medium 929 were prepared separately. The agar base was autoclaved in a 2-

liter flask containing a heavy stir bar for mixing. When the agar base had been

cooled to about 6500, filter-sterilized Medium 929 (double-strength) was

carefully poured into the molten agar while the mixture was being stirred on a

hot plate. Approximately 30-40 ml of agar medium were added per petri plate,

since inoculated plates would be incubated for extended periods. Plates were

prepared immediately prior to inoculation. To inoculate a plate, 50 to 100 III of

culture were spotted onto its surface, and the plate was left overnight at room

temperature to allow water from the culture to be absorbed. Plates were

wrapped in parafilm and placed inverted into plastic bags for incubation at

25°C in the dark. The bags also contained water-soaked paper towels, which

were replaced every 2 months, to provide a moist atmosphere for the plates.

Treatments and soils. LTER treatment plots (1 ha each) are

replicated in a randomized block design. Soils from two agricultural treatments

(cultivated Treatment 1 and low-input-cultivated Treatment 3) were used to

provide cultivated soil samples. The cultivated treatment had been a com-
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soybean rotation from 1989 to 1994, with wheat introduced as a third rotation

crop in 1995. This treatment was conventionally tilled (annual moldboard

plowing, disking, and cultivation), treated with prescribed applications of

herbicides and insecticides, and fertilized with ammonium nitrate. The N

fertilizer was broadcasted at a rate of 84 kg N per he to the corn crop and 56 kg

N per he to the wheat crop. The low-input-cultivated treatment had been a com-

soybean-wheat rotation since 1989, with a leguminous winter cover (34 kg per

ha hairy vetch broadcasted in August) and reduced chemical inputs. This

treatment was given a starter fertilizer application only (ammonium nitrate

alongside of row using 28 kg N per ha). Never-tilled soils were obtained from

Treatment 8 plots that had not been tilled after clearing of the native deciduous

forest in 1959. (Most of the vegetation in these plots now consists 0103

grasses.) Successional soils were obtained from Treatment 7 plots, which were

under a disturbance regime intermediate between the cultivated and never-

tilled treatments. Successional plots had been in cultivated corn and soybeans

for at least 40 years before they were left in 1989 to revegetate with extant flora.

Nitrogen-fertilized micropIots (5m x 5m) within these successional plots were

also sampled to evaluate fertilization vs. disturbance effects. These micropIots

received 125 kg N per ha (ammonium nitrate) broadcasted in July of each year.

Soils at the LTER site are classified as Typic Hapludalfs (U. S. Soil

Classification System, 1992) belonging to the Kalamazoo and Oshtemo soil

series (fine, loamy, mixed, mesic). The A horizons in these soils are typically 20

cm deep. Soils were sampled in April 1992, July 1993, and August 1995 to a

10-cm depth with a 2.5-cm soil corer (approximately 14 g fresh soil per core).

Soil samples in 1992 and 1995 were composites of 20 soil cores per replicate

plot taken near LTER sampling station #1 in each plot. Two replicate plots were

sampled per treatment. Prior to subsampling, soils were mixed inside plastic
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bags by manually kneading and shaking the bags. Gravel and other debris

were removed from these soils manually. The 1992 and 1995 samples were

thus true replicate samples from two different plots.

Soils in 1993 were subsamples from the large LTER midsummer

sampling done for annual data collection (Robertson et al., 1996). In the larger

LTER sampling procedure, 20 core samples from each of five sampling stations

per replicate plot were composited and mixed by moist sieving (4 mm sieve).

(Cultivated Treatment 1 has six replicate plots; never-tilled Treatment 8 has four

replicate plots.) The mixed samples from all replicate plots were composited

and sieved again prior to removing subsamples for MPN analysis. The 1993

samples were analytical samples from a composited sample from six or four

replicate plots.

All soil samples were stored at 4°C until they were analyzed in the

laboratory. Soil moisture contents were determined from two 10-g subsamples

dried at 11000 for 48 h. All results reported here are based on soil dry weights.

Most-probabIe-number (MPN) analyses. In initial MPN tests, April

1992 soil samples were taken from the low-input-cultivated (in wheat) and

never-tilled treatments (replicate plots 1 and 2). Three different media, based

on the MPN medium described by Schmidt and Belser (1982) were used in

these trials: 1) full-strength Schmidt-Belser (SB) Medium; 2) full-strength 38

Medium with 0.3% bentonite clay (Sigma Chemical 00., St. Louis, MO); and 3)

1/10-strength 88 Medium without clay. The bentonite clay had been added to

one set of MPN tubes to evaluate whether the increased particle surface area

provided by the clay would enhance ammonia oxidizer growth, as had been

previously reported in the literature (Verhagen and Laanbroek, 1991). Tenfold

dilutions of soil were added to 16x125 mm screw-capped tubes containing 5 ml

of medium (five tubes per dilution). Tubes were incubated in the dark for 8
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weeks at 25°C and examined for color change in the bromthymol blue indicator

from blue to yellow, which indicated a pH of 6.8.

In July 1993, Medium 929 with varying amounts of (NH4)2$04 was used

as the recovery medium for AAOs in soil samples from cultivated (in corn) and

never-tilled plots. These samples were tested with 5-tube MPNs using tenfold

dilutions and media containing 0.05, 0.5, and 5.0 g of (NH4)2$O4 per liter,

corresponding to 1/10X, 1X, and 10X standard NH4-N concentrations,

respectively (Table 2.2). In August 1995, samples were analyzed from

cultivated (in wheat), never-tilled, and successional plots (unfertilized main plot

and fertilized micropIots). For these analyses, 96-well microtiter plates were

used for MPNs (Rowe et al., 1977) by making twofold dilutions (8 wells per

dilution) in 1/10X, 1X, and 20X concentrations of NH4-N.

After subsamples were taken for moisture determination, 10 g moist soil

were blended with 190 ml 100 mM phosphate buffer (pH 7) in a Waring Blendor

for 1 min. Coarse particles were allowed to settle for 1 min, then 10 ml of the

slurry were transferred to a sterile plastic tray for further dilution in the microtiter

plates. Prior to inoculation, all wells of the microtiter plates were filled with 100

pl of the appropriate media. A multichannel pipettor was used to transfer eight

100-ul sample aliquots from the plastic tray to the first row of wells in the

microtiter plates. When sample aliquots had been mixed with the medium in the

first row of wells, 100 pl of this mixture were transferred to the next set of wells,

thus making a 1:2 dilution. A series of 18 twofold dilutions were typically made

after the first 1/20 dilution in the blender.

MPN tubes or plates were incubated in the dark at 25°C for 8 weeks.

Microtiter plates were double-wrapped in parafilm to prevent moisture loss and

packed in plastic bags containing water-soaked pads to maintain a moist

atmosphere. MPN cultures were checked for nitrate as an indicator of ammonia
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TABLE 2.2. NH4-N concentrations used in MPN recovery media.

 

Medium (NH4)2SO4 NH4-N NH4-N Comments

gper liter mM ppm

 

1/10X 0.05 0.74 10 Concentration which gave

higher MPN recoveries from

forest soils (Donaldson and

Henderson, 1989).

1X 0.5 7.4 100 Standard concentration for

MPNs on soils (Schmidt and

Belser, 1982).

10X 5.0 74 1,000 Concentration which inhibited

NH4-sensitive Nitrosomonas

strains (Suwa et al., 1994).

20X 10.0 148 2,000 Twice as high as the

concentration which inhibited

NH4-sensitive Nitrosomonas

strains (Suwa et al., 1994).
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oxidizer growth. Since the diphenylamine test for nitrate described by Schmidt

and Belser (1982) did not give reliable results, another nitrate test reagent,

Szechrome NB (Polysciences, lnc., Warrington, PA) was used (Jeanette Norton,

personal communication.) Szechrome N8 reagent was prepared according to

the manufacturer’s instructions in a 2:3 mixture of concentrated phosphoric and

sulfuric acids. To check for nitrate, 50 ul of MPN medium were added to the well

of a plate and mixed with 250 III of the Szechrome reagent. After 15 min, the

color of the test mixture was compared to that of nitrate standards ranging from

0.1 ppm to 100 ppm. The reagent formed a blue color in the presence of at

least 0.1 ppm nitrate. Microtiter plates containing uninoculated MPN media

were held for 8 weeks in the same bags as the control plates, and 50-ul aliquots

of these media were used as negative controls.

Enrichments from never-tilled soils. The samples and SB media

used to test initial MPNs on never-tilled soils in 1992 were also used for long-

term enrichment cultures. Replicate 1-liter flasks were inoculated with 1 g moist

soil. Flasks contained 250 ml full-strength SB Medium (with and without 0.3%

bentonite clay) or tenfold-diluted SB Medium containing no clay. After being

incubated in the dark (without shaking) at room temperature for 6 months, the

flask cultures were streaked out onto solid medium. Twelve-week-old MPN

tubes from low-input-cultivated and never-tilled soils were also streaked out

onto solid medium. Inoculated plates were held in moist bags in the dark at

25°C for one to six months and examined for putative AAO colonies. Some of

these colonies were transferred to liquid medium and monitored for subsequent

growth.

Long-term storage methods for AAOs. AAO viability after freezer

storage (~7000) and room-temperature storage on 929/0a003 plates was

evaluated. One-ml aliquots of 3-week-old cultures in Medium 929 were added
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to 1 m1 20% sterile glycerol in 17 x 55 mm glass vials (8-ml capacity) and

equilibrated for 15-30 minutes. These mixtures were placed in a dry ice/ethanol

bath, which froze the cultures solid within 2 minutes. Triplicate samples were

tested for outgrowth after the following treatments: (1) equilibration in glycerol;

(2) equilibration, freezing, and one-day storage at -70°C; (3) equilibration,

freezing, and 3-month storage; and (4) equilibration, freezing, and one-year

storage. Frozen glycerol stocks were quick-thawed (within 2 minutes) by

swirling the vials in a beaker of water at room temperature. One-ml of the

glycerol stock was transferred to 5 ml fresh Medium 929 for incubation at 25°C.

Outgrowth was evaluated by noting how many of the tubes turned yellow and

how long the cultures needed to be incubated before they turned yellow. In

some cases, the glycerol stock mixture appeared yellow immediately after

thawing. The pH of these mixtures had to be adjusted to 7.5 before incubation,

otherwise culture viability could not be determined. This color change was

likely artifactual, because uninoculated Medium 929 would occasionally turn

yellow after freezing and thawing.

Growth scraped from one-year-old plates 01929/0a003 solid medium

was transferred to tubes containing fresh Medium 929. Tubes were checked for

acid production as an indicator of AAO outgrowth.

RESU LTS

AAO growth on solid medium. Colonies (approximately 0.2 mm in

diameter) could be observed visually after 4 weeks incubation of 929/0a003

plates that had been streaked with stock cultures of N. europaea, N. multifor'mis,

Nitrosospira strain Apple Valley, and Nifrosospira strain 39-19. Inoculation of

plates by spotting 50-100 ml aliquots of cultures onto plate surfaces produced
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lawns of confluent growth after 3 to 4 weeks incubation. Clear zones, indicating

dissolution of 0a003 by acid production, could be observed in the agar below

and surrounding the lawns. Individual AAO colonies were too small to produce

noticeable clearing, although clear zones could be observed under more

heavily inoculated areas after several months incubation.

Individual AAO colonies on these plates were large enough after 4 to 8

weeks incubation to provide sufficient cell material for rep-PCR. This required

at least five colonies, and attempts to use a single colony for PCR were not

successful. Lawns of growth scraped from plate surfaces also yielded sufficient

cell material to allow fixation and embedding for transmission electron

microscopy (Figures 2.1 through 2.4). All cells exhibited the typical

morphological features that have been used to distinguish AAO strains (Watson

et al., 1989). These included intracytoplasmic membranes, carboxysomes, and

typical cell shapes. Plates of 929/0a003 Medium were also inoculated with

enrichment and MPN cultures from LTER soils.

Most-Probable Number (MPN) Analyses. MPN counts from low-

input-cultivated soils using SB Medium were at least tenfold higher than counts

obtained from never-tilled soils for April 1992 samples (Table 2.3). Instead of

enhancing growth, addition of bentonite clay reduced MPN counts by at least

two orders of magnitude for never-tilled soils. The presence of clay did not

appear to significantly affect MPN counts for low-input-cultivated soils. MPN

counts in diluted medium were reduced by factors of 100 and 30-50 for never-

tilled and low-input-cultivated soils, respectively (Table 2.3).

MPN counts of never-tilled soils were also approximately tenfold lower

than counts from cultivated soils in 1994 and 1995 (Tables 2.4 and 2.5). For

soils sampled in 1994, very little or no difference could be seen between counts
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FIGURE 2.1. Transmission electron microscopy photograph of Nitrosomonas

europaea ATCC 25978 showing intracytoplasmic membranes as Iamellae at

the periphery of the cell. (39,000X magnification.)
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FIGURE 2.2. Transmission electron microscopy photograph of Nitrosolobus

multiformis ATCC 25196 showing intracytoplasmic membranes

compartmentalizing cell into a Iobate structure. (29,000X magnification.)



 
FIGURE 2.3. Transmission electron microscopy photograph of Nitrosospira

strain Np AV (Schmidt) showing lack of intracytoplasmic membranes. Cell is

comma-shaped, due to a single spiral turn. (39,000X magnification.)



 

FIGURE 2.4. Transmission electron microscopy photograph of Nitrosospira

strain R1 grown on Noble agar plates containing mineral medium and 0a003,

(29,000X magnification.)
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TABLE 2.3. Comparative MPN counts (x 103 M03 per gram of soil) obtained in

Schmidt-Belser medium with and without bentonite clay (one soil sample per

replicate plot in 1992).

 

 

Soil 1/10X 1X 1X + Clay

Cultivated low-input (wheat)

Rep 1 2.3 70 1.1

Rep 2 2.3 130 130

Average (n=2) 2.3 100 66

Never-tilled

Rent <0.1* 2.3 <0.1*

Rep 2 < 01* 13 < 0.1

Average (n=2) < 0.1 7.7 < 0.1

 

* no growth in any tube
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TABLE 2.4. Comparative MPN counts (x 103 M05 per gram dry soil) obtained

in Medium 929 containing 1/10X, 1X, and 10X standard NH4-N concentrations

(two subsamples per composite sample in 1993).

 
Soil 1/10X 1X 10X Ratio of MPN

counts

(1/10X over 10X)

 
Cultivated (corn)

Subsample 1 490 330 79 6.2

Subsample 2 170 79 17 10.0

Average 330 200 48 6.9

Never-tilled

Subsample 1 7.0 1.7 3.3 2.1

Subsample 2 13 22 33 0.4

Average 1 0 12 18 0.6

 



TABLE 2.5. Comparative MPN counts (x 103 M05 per gram of soil) obtained in

Medium 929 containing 1/10X, 1X, and 20X standard NH4-N concentrations

(samples from two replicate plots in 1995).

 

 

Soil 1/10X 1X 20X Ratio of MPN

counts

1/10X over 20X

Cultivated (wheat)

Rep 5 120 100 45 2.7

Rep 6 130 85 80 1.6

Average 1 30 93 63 2.1

Never-tilled

Rep 3 13 33 0.18 72

Rep 4 12 59 0.19 63

Average 1 3 46 0.1 9 68

Unfertilized

successional 74 97 65 1 1.4

Rep 1 46 250 40 1.2

Rep 3

Average 60 170 23 2.6

Unfertilized

Fertilized

successional 190 120 58 3.3

Rep 1

Rep 3 83 410 83 1.0

Average Fertilized 140 270 71 2.0
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in 1X and 10X concentrations of NH4-N. When a higher NH4-N concentration

(20X) was used in 1995, the MPN ratios (1X counts/20X counts) were more than

thirtyfold higher for never-tilled soils than ratios for cultivated and fertilized

successional soils (Table 2.5).

Enrichments. Six-month enrichments of never-tilled soil in flask

cultures were streaked out onto solid medium, and the inoculated plates were

examined after six weeks incubation. Numerous, small (< 0.2 mm), rust-colored

colonies could be observed on plates that had been inoculated with the

enrichments grown in 1/10X SB Medium. Since these colonies were identical

in size and morphology, ten colonies were picked to one tube containing

Medium 929. The resulting culture was confirmed to be free from heterotrophic

contamination and was designated “R1” for “rust-colored.” A few similar

colonies could be observed on plates inoculated with the 1/10X + Clay

enrichment, but plates inoculated with 1X and 1X + Clay enrichments were

overgrown with spreading fungal and bacterial colonies.

When MPN tubes from low-input-cultivated and cultivated soils were

streaked out onto solid medium, most of the resulting growth was obviously

heterotrophic. Approximately 60 small, isolated, putative AAO colonies were

picked to tubes containing Medium 929, but none of these produced viable

cultures after transfer. Heterotrophic colonies were large (> 3 mm), mucoid, and

white, yellow, or orange in color.

Long-term storage of AAOs. Equilibration of cells in glycerol (10%

final concentration), freezing and thawing, and frozen storage reduced the

viability of all AAO strains, as indicated by the incubation periods needed for

cultures to turn yellow (Table 2.6). When equivalent numbers of untreated cells

were transferred to fresh medium, all cultures turned yellow within 1 day, except



TABLE 2.6. Evaluation of effect of freezing and frozen storage on viability of ‘

AAOs. Numbers in columns are days required for cultures to turn yellow after

thawing and transfer to fresh medium.

 

 

Treatment N. N. Nitrosolobus Nitrosolobus Nitrosospira Nitrosospira

° europaea europaea multifamis strain 24-0 strain Apple strain 39-19

ATCC ATCC ATCC 25196 Valley

25978 1 9718

None 1 1 1 2-3 1 1

Glycerol 1 2 1-2 3 3 1-2

only

Glycerol + 1 1.28 3-5 38 2-3 2-5a

freezing

One-month 38 3-5 38 3-5 38 3

frozen

storageb

One-year 14-17 14a 45 14-21 17 14-17

frozen

storage

 

aNopi~lchangeinoneoutofthreettbes.

b Duplicate, rather than triplicate, tubes used.
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for Nitrosolobus strain 24-0, which grew somewhat more slowly than the other

strains. Exposure of cells to glycerol without freezing retarded cell outgrowth,

because these cultures needed to be incubated 1-2 days longer than untreated

cultures before they turned yellow. Freezing without storage also had a growth-

retarding effect for most of the AAO strains, as did extended storage at -70°C.

N. europaea ATCC 25978 appeared to be the most resistant of the six strains to

these treatments, while N. multifonnis ATCC 25196 appeared to be the most

sensitive. All of the AAO strains had at least one tube (out of duplicate or

triplicate tubes) containing nonviable culture after freezing (Table 2.6). Thus, if

freezing is used as a storage method for the MOS, two or three glycerol stocks

may need to be thawed so that at least one viable culture will grow out. The

glycerol stocks prepared in this study yielded viable cultures after 2 1/2 years of

frozen storage, although for some strains (e.g., N. multiformis), two or three vials

had to be thawed before a viable culture was obtained.

DISCUSSION

MPN media containing three different concentrations of (NH4)2SO4 were

used to obtain a more reliable comparison of AAO population sizes than would

be obtained with a single NH4-N concentration. MPN counts of cultivated and

uncultivated soils in Medium 929 were generally higher at the 1/10X (10 ppm)

NH4-N concentration than at the 1X (100 ppm) concentration by factors ranging

from 2 to 10 (Tables 2.4 and 2.5). When the highest MPNs among the three

NH4-N concentrations were considered for each sample, MPN counts of never-

tilled soils were consistently tenfold lower than counts of cultivated soils.

Soil N03-N and NH4-N measurements support the conclusion that in situ

AAO populations in never-tilled soils were one-tenth as large as populations in

cultivated soils. Measurements made throughout the 1993 and 1994 growing
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seasons showed that never-tilled soils had very low N03-N levels, ranging from

0 to 1.5 ppm, with a mean of 0.4 ppm. Cultivated soils during the same period

(corn in 1993, soybeans in 1994) had N03-N levels that were generally tenfold

higher, and these ranged from 0.9 to 14.4 ppm, with a mean of 3.9 ppm (Figure

2.5). NH4-N levels in never-tilled soils exhibited a fourfold variation, ranging

from 4.2 to 18 ppm, with a mean level of 10.2 ppm (Figure 2.6). The mean NH4-

N level was lower in cultivated soils (3.0 ppm), and NH4-N varied more widely,

with a sevenfold variation from 1.5 to 10.2 ppm (Figure 2.5). The low N03-N

levels found concomitantly with higher NH4-N levels in the never-tilled soils

indicate that AAO populations in these soils were not as active in producing

NOa-N as the populations in cultivated soils. This conclusion is compatible with

previous studies showing correlations between AAO numbers and nitrifying

activity in systems permitting visual enumeration by fluorescent probes

(Laanbroek et al., 1993).

The reason for lower populations of MOS in the presence of higher NH4-

N concentrations in never-tilled soils is unclear. One explanation for lower AAO

populations and NOa—N levels in never-tilled soils could be that the higher

amounts of organic matter in these soils tied up the NH4-N and made it less

available to AAOs. This explanation, however, is not supported by the NOa-N

and NH4-N data from successional soils (Figures 2.5 and 2.6), which also

contained higher amounts of organic C (Bruns et al., manuscript in preparation).

Another explanation is that some factor(s) in the never-tilled soils inhibited the

growth or activity of MOS (Rice and Pancholy, 1972).

The differences in inorganic N dynamics and MPN counts between

cultivated and uncultivated soils may indicate differences in AAO population

structures. The MPN results for LTER soils can be related to the observations

of Suwa et al. (1994), who obtained estimates of the prevalence of NH4-
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sensitive M05 in activated sludges by comparing ratios of MPN counts

obtained at low (20 ppm) vs. high (1000 ppm) NH4-N concentrations. For

sludges with higher N loadings (mean of 1.2 9 total Kjeldahl nitrogen (TKN) per

liter per day), ratios of MPN counts at low vs. high NH4-N concentrations ranged

from 0.6 to 5.7. For sludges with lower N loadings (mean of 0.2 g TKN per liter

per day), the MPN ratios ranged from 3.7 to > 3900. Suwa et al. (1994)

observed that isolates from low-N sludges grew in media containing 20 ppm

NH4-N but not in media containing 1000 ppm NH4-N, while isolates from high-

N sludges grew at either NH4-N concentration. Dominant AAOs in low-N

sludges thus appeared to be NH4-sensitive, while dominant AAOs in high-N

sludges tolerated 1000 ppm NH4-N and higher.

The 1/10X (10 ppm) and 10X (1000 ppm) concentrations of NH4-N used

in our MPN media were comparable to the low and high concentrations used by

Suwa et al. (1994). The ratios of MPN counts at 1/10X over 10X did not exceed

10 for any of the soils (Table 2.4), suggesting that the type of NH4-sensitive

strains described by Suwa and coworkers did not dominate the AAO

populations in these soils. When we used a higher NH4-N concentration (20X

or 2000 ppm) in subsequent MPN experiments, ratios of counts at 1/10X over

20X were much higher for never-tilled soils than for cultivated soils (Table 2.5).

Overall, the M05 in LTER soils were not as sensitive to NH4-N as the AAOs

from low-N sludges in the study by Suwa et al. (1994). The differences in MPN

ratios detected with the 20X concentration, however, suggested that AAO

populations in never-tilled soils were more sensitive to NH4-N than AAOs from

cultivated soils. These results could help explain why NH4-N levels remained

consistently lower in cultivated than in never-tilled soils. Cultivated soils may

have selected forAAO populations that tolerated higher and more variable

concentrations of NH4-N, resulting from repeated N-fertilization and release of
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N-rich root exudates upon crop harvests. This explanation is supported by the

higher variance in inorganic N levels observed for cultivated soils, relative to

never-tilled and successional soils (Table 2.7).

Differences in the 1/10X over 20X ratios between cultivated and

uncultivated soils also appeared to be reflected in the ratios for fertilized and

unfertilized successional soils. Like the cultivated soils, fertilized successional

soils exhibited low ratios. One of the two unfertilized successional soils

exhibited a higher ratio, although it was not as high as the ratios for uncultivated

soils (Table 2.5). This result could be an indication in this successional soil of

an increase in M03 that were more sensitive to NH4-N. The highest MPN

counts in the unfertilized successional soils, however, had been observed at 1X

NH4-N concentration, rather than 1/10 X concentration. When MPN ratios were

calculated for these soils from the 1X over 20X NH4-N counts, the ratios were

slightly higher than analagous ratios for the cultivated and fertilized

successional soils. These results also suggest that AAOs in cultivated and

fertilized successional soils were more tolerant of higher NH4-N concentrations.

The commonly used NH4-N concentration for MPN counting of M03 in

soils has been 7.6 mM, or 100 ppm (Schmidt and Belser, 1982). Of the different

NH4-N concentrations used in our study, the 1/10 X concentration (10 ppm) was

the most similar to measured soil inorganic N levels (NH4-N plus NOa-N)

during the 1993 and 1994 growing seasons. Mean inorganic N levels were 6.9,

10.6, and 3.9 ppm for cultivated, never-tilled, and unfertilized successional soils,

respectively (Table 2.7). Higher recoveries of MOS from cultivated and never-

tilled soils at the 1/10X NH4-N concentration can probably be attributed to the

fact that this concentration was most similar to soil inorganic N levels. MPN

counts for successional soils, on the other hand, were somewhat higher at 100

ppm than at 10 ppm NH4-N in the recovery media (Table 2.5).
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TABLE 2.7. Inorganic N measurements (N03-N plus NH4-N) during 1993 and

1994 growing seasons in cultivated, never-tilled, and unfertilized successional

soils, with n=30. '

 

 

Soil treatment Minimum Maximum Mean Variance Standard

deviation

Cultivated 2.6 24.6 6.9 17.2 4.1

Never-tilled 4.5 18.3 10.6 1 1.1 3.3

Unfertilized 2.2 6.1 3.9 1.2 1.1

successional
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The use of the lower NH4-N concentration in enrichment media made it

possible to obtain the novel AAO isolate (Figure 2.4) from uncultivated soil,

because this strain appeared to be much more numerous in the enrichments

containing 10 ppm NH4-N than in enrichments with 100 ppm NH4-N

concentrations. If enrichments had been carried out only at the standard NH4-N

concentration, it is unlikely that this AAO would have been isolated. The

enrichment containing 10 ppm NH4-N yielded numerous identical colonies on

solid medium that could be picked to one tube to provide enough biomass to

generate a viable culture. Sequence analysis of its 16S ribosomal RNA genes

indicated that it belongs in a novel clade of Nitrosospira that is distinct from

previously cultured Nifrosospira spp. (Bruns et al., 1995). Solid media have

been used by other workers to isolate AAOs. When Koops and coworkers

employed their solid medium, they were able to isolate eight new Nitrosomonas

spp. (Koops et al., 1991). These successes in obtaining novel AAOs by cultural

methods demonstrate the need to continue and expand the use of cultural

methods in learning more about AAO diversity.

The solid medium used in this study supported the growth of all pure

AAO cultures and could be used to store cultures for several months, as long as

the plates were kept moist. Storage on solid medium offers an alternative to

frozen storage of AAOs. which tend to become less viable the longer they are

kept at -70°C (Table 2.6). This medium could also be used to generate larger

amounts of biomass (i.e., from lawns of surface growth) for microscopy or DNA

extraction. Although the solid medium was useful in maintaining AAO cultures

that were already pure, it did not provide an efficient means to purify individual

AAO strains from mixed cultures. Isolated colonies of putative AAOs from

enrichment cultures could be obtained after 2-3 months incubation, as judged

by clear zones around some colonies. However, most of these colonies did not
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produce viable cultures after they were transferred to liquid medium, probably

because of the low amount of biomass in the colony. A number of these liquid

cultures were “false positive' for growth, because they turned orange in color

but were still negative for nitrite and nitrate after 2-3 months incubation. Other

workers (Prosser, personal communication) have made similar observations

about AAO growth media and attributed them to chemical changes in the pH

indicator.

Cultural methods become much more powerful in characterizing AAO

populations when they incorporate molecular analysis techniques. Growth from

MPN enrichments, for example, could be amplified using 16S rDNA PCR to

identify AAOs that become predominant at different NH4-N concentrations

during incubation. This approach, however, was not used in the molecular

analysis portion of this study. Instead, PCR was directly performed on bacterial

community DNA extracted from LTER soils. This latter approach provides more

information on in situ AAO populations, rather than on the AAOs that grow out

from these populations. Results of direct PCR analysis will be reported in Bruns

et al. (manuscript in preparation).
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Chapter Three

EVALUATION OF NITROSOMONAS EUROPAEA GENE PROBE

HYBRIDIZATIONS WITH NITROSOSPIRA DNA

INTRODUCTION

Autotrophic ammonia-oxidizing bacteria (AAOs) convert ammonia to

nitrite in the first, rate-limiting step of nitrification. This step, which is followed by

conversion of nitrite to nitrate by nitrite-oxidizing bacteria, is a critical link in

nitrogen cycling in diverse ecosystems (Bock et al., 1989). AAOs thus represent

a key functional group of bacteria in microbial communities in soils, sediments,

waste treatment systems, building facades. and fresh, brackish, and marine

waters (Watson et al., 1989; Koops and Moller, 1992). Despite their widespread

distribution, AAOs appear to comprise a phylogenetically narrow group of

eubacteria (Teske et al., 1994). To date, the only phylogenetic subdivision

known to contain AAOs of terrestrial origin is the beta subgroup of

Proteobacteria (Woese et al., 1984), although some marine and brackish water

strains fall within the gamma subgroup (Woese et al., 1985). The apparently

close phylogenetic relationship among terrestrial AAOs is likely to be reflected

in the close similarity of functional gene sequences coding for enzymes

involved in oxidation of ammonia, the sole source of energy for AAOs (Book at

al., 1989).

The ammonia oxidation pathway of MOS has been studied almost

exclusively in Nitrosomonas europaea, a culture that waslpurified from soil

enrichments approximately 40 years ago (Lewis and Pramer. 1958). This

isolate appears to be more amenable to laboratory culture than most other AAO

47
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strains (Prosser, 1989). A large body of literature exists (Hollocher et al., 1981;

Arciero et al., 1991; Hyman and Arp, 1992; Arciero and Hooper, 1993) on the

biochemical characterization of two enzymes involved in energy generation in

N. europaea-~ammonia monooxygenase (AMO) and hydroxylamine

oxidoreductase (HAO). These enzymes carry out the following reactions:

 

 

AMO

(1) NH3 + 02 + 26' + 2H+ > NHzOH + H20

HAOwitf10554

ase-aooeptor

(2) NH20H + H20 > HN02 + 4e' + 4H+

Gene sequences have recently been published for AMO (McTavish et al.,

1993a) and HAO (Sayavedra-Soto et al., 1994) in N. europaea. These

sequences were obtained from PCR products amplified from N. europaea

genomic DNA and primers based on amino acid sequences of purified N.

europaea AMO and HAO proteins. AMO oxidizes ammonia to hydroxylamine,

and HAO oxidizes hydroxylamine to nitrite. Two genes, amoA and amoB, code

for AMO subunits (McTavish et al., 1993a). The gene amoA codes for the

subunit containing AMO's active site. The gene amoB codes for another

polypeptide involved in AMO activity and is located immediately downstream of

amoA. The gene hao codes for the polypeptide unit of HAO (McTavish et al.,

1993b; Sayavedra-Soto et al., 1994), which is a multimer of this unit (Arciero

and Hooper, 1993). Another protein involved in energy generation in N.

europaea is cytochrome o-554, believed to be the immediate electron acceptor

for HA0 (Arciero et al., 1991). The gene coding for cytochrome o-554, hay, is

located 1200 bp downstream of hao (Sayavedra-Soto et al., 1994).

We obtained Escherichia coli clones containing plasmids with inserts

coding for ammonia oxidation enzymes from the laboratory of Dan Arp (Oregon



49

State University). From these inserts we prepared DNA probes for hybridization

with genomic DNA extracted from pure cultures of four terrestrial AAOs within

the Nitrosospira group. The Nitrosospira group is phylogenetically distinct from

the Nitrosomonas group of M05 in the beta subdivision of the Proteobacteria

and includes the genera NitrosoIobus, Nitrosospira, and Nitrosovr'bn’o. (Head et

al., 1993; Hioms et al., 1995). Our objective was to evaluate the hybridization

signals generated by these functional gene probes against genomic DNA of

other AAOs that have been isolated from soils. This was a first step in

evaluating whether these probes would be reliable indicators of AAO

population size if they were used in hybridization tests with DNA from mixed

AAO populations in soils. Such probe hybridization tests have the potential to

be more rapid in estimating AAO population sizes in environmental samples

than the Most-Probable-Number (MPN) method, which involves 4 to 8 weeks of

incubation (Schmidt and Belser, 1982; Bruns et al., manuscript in preparation).

Other gene sequences of interest in evaluating diversity among ammonia

oxidizers are those coding for enzymes involved in denitrification. Previous

reports have shown that N. europaea produces soluble nitrite reductase

enzyme (Hooper. 1968; Ritchie and Nicholas, 1974) Poth and Focht (1985)

also demonstrated N20 production from NO2' in N. europaea cultures. The

nitrite reductase enzymes found in AAOs may be unique to this group, or they

could exhibit similarity to enzymes found in other denitrifying bacteria. To

explore these possibilities, we also applied gene probes for nitrite-reductase

(Smith and Tiedje, 1992; Ye et al., 1993) and nitrous oxide reductase (Viebrock

and Zumft, 1988) from Pseudomonas strains in hybridization tests against

genomic DNA of AAOs.
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MATERIALS AND METHODS

DNA probes. Probes developed from N. europaea genes for ammonia

oxidation enzymes and Pseudomonas spp. genes for denitrifying enzymes

were used in hybridization studies (Table 3.1). Escherichia coli cells containing

plasmids with probe inserts were grown in batch culture with appropriate

antibiotics to maintain plasmids. Plasmid DNA was extracted from the cultures

and purified in cesium chloride gradients according to standard methods

(Sambrook et al., 1991). Probe fragments were isolated by agarose gel

electrophoresis after digestion of plasmids with appropriate restriction enzymes.

The Gene-Clean kit (Bio-101, Inc., La Jolla, Califomia) was used to purify probe

DNA from the gel. The purified fragments were heat-denatured and labelled

with [a-32PldCTP (3000 Ci/mM, Dupont New England Nuclear Research

Products, Wilmington, Delaware) by using a random priming kit from Boehringer

Mannheim Biochemicals. Unincorporated nucleotides were removed from the

labelled probes with a spun column approach (Sambrook et al., 1991).

Labelled probe was added to hybridization fluid to obtain a final activity of

approximately 106 cpm/ml. Pseudomonas stutzen’ strain JM300 and

Pseudomonas sp. strain G-179 were used as positive controls for hybridizing

with probes for the Cu-type (Ye et al., 1992) and heme-type (Smith and Tiedje,

1993) dissimilatory nitrite reductases, respectively.

Bacterlal strains. Six strains of ammonia-oxidizing bacteria

previously isolated from soils were used in this study (Table 3.2). Strains in this

collection included three of the five genera known to occur in soils--

Nitrosomonas, Nitrosolobus, and Nitrosospira. These were obtained from the

American Type Culture Collection (ATCC) and Dr. Ed Schmidt of the University

of Minnesota. Cultures representing the other two genera--Nitrosovibrio and

Nitrosococcus--were not available for this study.
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TABLE 3.1. DNA probes used in this study

 

 

Probe Organism Protein encoded by Plasmid Probe size Laboratory

designation (probe source) gene with probe source

sequence and

reference

amoA Nitrosomonas Ammonia mono- 0.70 kb D. Arp

europaea ATCC oxygenase (AMO) KpnI- (McTavish et

1 9718 acetylene-binding EcoRl al., 1993)

polypeptide

amoB Nitrosomonas Polypeptide 0.67 kb D. Arp

europaea ATCC involved in AMO EcoRl- (McTavish at

19718 activity, gene EcoRI al., 1993)

located immediately

downstream of

amoA

hao Nitrosomonas Hydroxylarnine pNH1 10 0.72 kb D. Arp

europaea ATCC oxido-reductase Kpnl- (Sayavedra-

19718 EcoRl Soto at al.,

1994)

hcy Nitrosomonas Cyt0chrome c-554, pNH055p1 0.73 kb D. Arp

europaea ATCC believed to accept EcoRl- (Sayan

19718 electrons from HAO Bani-II Soto at al.,

1994)

TN45 probe Nitrosomonas Auxiliary polypeptide pTN45 4.5 kb T.Tokuyarna

europaea ATCC possbly involved in EcoRl- (Tokuyama

25978 HAO activity Ele et al., 1988)

Cu-dNir Pseudomonas Copper-containing pRTc1.9 1.8 kb J. Tiedje

sp. strain G-179 nitrite reductase Chi-CH (Ye et al.,

1993)

Heme-dNir Pseudomonas Heme-containing szGTH 2.4 kb J. Tiedje

sfufzeri JM300 nitrite reductase anRl- (Smith and

Barri-II Tiedje,

1 992)

nosz Pseudomonas Nitrous oxide 1 2 kb J. Tiedje

stutzeri ZoBell reductase PslI-Pstl (Viebrock

and Zunit,

1988)
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TABLE 3.2. Strains of autotrophic ammonia-oxidizing bacteria used in this study

 

 

Strain Source Morphology Comments

Nitrosomonas europaea American Type Rod Neotype. isolated from soil

ATCC 25978 Culture Collection (location unknown) and puriied

Nitrosomonas europaea Dr. Ed Schmidt,

ATCC 19718 University of

Minnesota ~

N'lrosolobus multifonnis American Type

ATCC 25196 Culture

Collection

Nifrosolobus strain 24-C Dr. Ed Schmidt,

University of

Minnesota

Niflwospira strain Dr. Ed Schmidt,

Apple Valley University of

Minnesota

Nifrosospira strain 39- Dr. Ed Schmidt,

19 University of

Minnesota

Rod

Lobate

Spiral,

curved rod

with serial dilutions (Lewis and

Pramer. 1 958)

Same strain as ATCC 25978,

separate cuhure deposited in

ATCC by Dr. Ed Schmidt

Isolated from agrictltural sol in

Minnesota. cultures tend to lose

vigor quickly.

Isolated from agricultural soi in

Minnesota.

Isolated from agricdtural sol in

Minnesota.
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Cultures of three heterotrophic bacteria were also used to provide DNA

for positive and negative controls. The type stain of Arthrobacter globiformis

(ATCC 8010) was included because it is a heterotrophic nitrifier found in soils

(Verstraete and Alexander, 1972). It was of interest to see if DNA from a

terrestrial, heterotrophic nitrifier (Kurokawa et al., 1985) would cross-hybridize

with gene probes for ammonia oxidation enzymes from an autotrophic

bacterium.

AAO batch culture scale-up, DNA extraction and REP-PCR.

Tube cultures of M03 in ATCC Medium 929 were grown to a cell concentration

of 1-2x107 cells per ml (indicated by slight turbidity) by adjusting the pH of the

cultures with 0.05M K2C03 every other day over a 2-week period. One-ml

aliquots of tube cultures were transferred to 50 ml fresh medium in 250-ml

Erlenmeyer flasks, and the pH of these cultures was repeatedly adjusted with

0.1M or 0.3M K2C03 for 2-3 weeks. Five-ml aliquots from the small flask

cultures were transferred to 500 mL fresh medium in 2-L Erlenmeyer flasks, and

these cultures were grown for another 2-4 weeks. All incubation was at 25°C in

the dark without shaking. Cell counts in flask cultures were determined by

examining wet mounts of cultures in a Petroff-Hauser counting chamber (Koch,

1981) at 1000x magnification.

Cells from the large flask cultures were harvested by centrifugation in

250-mL bottles at 5000 x g for 30 min. Cell pellets from 2 to 4 bottles were

resuspended in Medium 929 without (NH4)2SO4 and transferred to 30ch

Oakridge tubes to concentrate bacterial biomass. The miniprep procedure for

extracting bacterial genomic DNA of Ausubel et al., 1990 (page 2.4.1) was

modified by using tenfold larger volumes of all extraction reagents. This

procedure was used to obtain genomic DNAs of all AAO strains and the two

Pseudomonas strains. Genomic DNA of A. globifomris, which was more



54

resistant to lysis, was extracted according to the method of Visuvanathan et al.

(1989). REP-PCR (de Bruijn, 1992) was also performed on genomic DNA

samples to compare agarose gel rep patterns among M05 in the culture

collection. This procedure, which is based on PCR amplification of conserved

and repeated DNA elements in eubacteria, generates characteristic fingerprints

for each organism and allows comparison and grouping of identical and related

isolates.

Restrlctlon digests, Southern blots, and probe hybridizations.

Genomic DNA preparations were digested with EcoRI, loaded into lanes on 1%

agarose gels, (3 ug DNA per lane) and subjected to electrophoresis (Sambrook

et al. 1989). Visual examination of the relative brightness of UV-illuminated

DNA in a typical agarose gel (Fig. 3.1) confirmed that all lanes contained

equivalent amounts of DNA, except for lanes containing DNA from Nitrosolobus

sp. strain 24-C. This AAO strain grew more slowly and had lower cell densities

than the other AAOs. making it difficult to obtain comparable amounts of

genomic DNA. The amount of Nitrosolobus sp. strain 24-C DNA available for

loading into one lane was half the amount loaded for other bacterial strains.

Subsequent densitometric measurements of this strain's hybridization bands

were doubled to compensate for the lower amount of target DNA available for

probe binding.

Restriction enzyme digestion, electrophoresis. and Southern blotting of

restricted DNA onto Hybond N+ membranes (Amersham Life Sciences, New

York) were carried out as described by Ausubel et al. (1992). The DNA on the

blots was cross-linked by UV light using a Stratalinker (Stratagene, La Jolla,

California). Blots were prehybridized for 16 h in heat-sealed bags containing a

standard prehybridization solution consisting of 50% formamide, 5X Denhardt's
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FIGURE 3.1. Ethidium-bromide-stained agarose gel containing EcoRI-digested

DNA of ammonia oxidizers and control bacteria. (Lane 1), Pseudomonas

stutzen’ JM300 ; (Lane 2), blank; (Lane 3) A. globiformis; (Lane 4),

Lambda/Hindlll DNA size marker, (Lane 5), N. europaea; (Lane 6), N.

multifonnis (Lane 7), Nitrosolobus sp. strain 24-C; (Lane 8), Nitrosospira sp.

strain AV; (Lane 9), Nitrosospira sp. strain 39-19; (Lane 10), Lambda/Hlll DNA

size marker; Lane 11, blank; (Lane 12), Pseudomonas sp. strain G-179. All

lanes contained approximately 3 ug genomic DNA, except for Lane 7

containing DNA from Nitrosolobus sp. strain 24-C, with approximately 1.5 ug.
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solution, 5X SSPE, and 200 mg per ml salmon sperm DNA (Sambrook et al.,

1989). After the prehybridization solution was removed, blots were immersed in

hybridization solution containing 32P-labelled probes for 24 h at 30°C (low

stringency) or 42°C (moderate stringency). After hybridization, blots were

washed once for 15 min at room temperature with 2X SSC (17.53 g of NaCl and

8.82 g of sodium citrate per liter; pH 7.0)-0.1% sodium dodecyl sulfate (SDS).

Additional washes and hybridizations were performed at different levels

of stringency; (1) hybridization at 30°C and washing at 30°C in 2X SSC; (2)

hybridization at 30°C and washing at 42°C in 0.18 SSC; (3) hybridization at

42°C and washing at 42°C in 0.1x SSC; and (4) hybridization at 42°C and

washing at 55°C in 0.1x SSC. Either X-omat (Kodak) or Dupont NEN film was

exposed to the probed blots using one Cronex Lightning Plus KE intensifying

screen (DuPont) at -70C for 7-10 h prior to development. To facilitate re-

probing, blots were stripped of radioactivity by washing twice for 15 min in

distilled water that had been heated to boiling and amended with 1% SDS,

followed by rinsing in 0.1x SSC for 15 min at room temperature. Membranes

were kept moist in air-tight containers at 4°C between hybridizations to prevent

drying.

Densitometric measurements from autoradiograms. Digitized

images of autoradiogram films were obtained with the CCD camera of a Gel

Print 2000i (BioPhotonics Corp., Ann Arbor, Mich.). Hybridization band

intensities were determined using densitometry measurements of the digitized

images with Spectrum IP Lab image processing software (Signal Analytics

Corp., Vienna, Va.). Band intensities measured for Nitrosolobus and

Nifrosospira strains were compared to those of N. europaea to estimate percent

sequence similarities between the probes and homologous genes.
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RESULTS

Genomic DNA ylelds from AAO cultures. Cell counts of 4-week-

old AAO cultures were estimated to be 4 x 107 cells per ml at 00600 of 0.01. At

this cell concentration the theoretical DNA yield from 1 ml of culture was 360 ng,

assuming average cellular DNA content of 9 x 10'15 g per cell (Hecht et al.,

1975). Typical DNA recoveries from 4-week-old cultures were 100-120 ng DNA

per ml culture. DNA recoveries were lower when older cultures (e.g., 6 weeks)

were used for extraction, presumably due to production of extracellular

polysaccharides that interfered with DNA extraction. Slightly improved DNA

recoveries could be achieved with AAO cultures that had just reached slight

turbidity (0.5-1 x 107 cells per ml).

REP-PCR patterns. REP-PCR patterns were obtained from purified

genomic DNA from the six AAO stock strains (Figure 3.2). The REP-PCR

patterns for N. europaea ATCC 25978 and N. europaea ATCC 19718 appeared

identical, suggesting that the strains were the same (de Bruijn, 1992). This

observation was confirmed by D. Pramer (personal communication), who

indicated that the source of the two separate ATCC accessions had been a

culture purified in his laboratory from a soil enrichment obtained from D.L.

Jensen in Denmark (Lewis and Pramer. 1958).

DNA probe hybrldlzatlon patterns. Genomic DNA was digested

with EcoRI prior to Southern blotting and hybridization tests. N. europaea DNA

exhibited two hybridization bands with the amoAand amoB probes, three bands

with the hao probe, and one band with the hey probe (Figures 3.3 through 3.6).

Other workers have indicated that N. europaea has two copies of the amo gene
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Figure 3.2. REP-PCR patterns of autotrophic ammonia oxidizer DNA

observed in agarose gels stained with ethidium bromide and illuminated

under UV light. Lane 1, Nitrosomonas europaea ATCC 25978; Lane 2

Nitrosomonas europaea ATCC 19718; Lane 3, Nitrosolobus multiformis

ATCC 25196; Lane 4, Nitrosolobus 24-C (Schmidt); Lane 5, Nitrosospira

NpAV (Schmidt); and Lane 6, Nitrosospira 39-19 (Schmidt).
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Flglre 3.6a. Southern blots of AAO genorric DNA hybridzed with amoA probe (left)

and amoB probe (rigtt). Hybridzation was carried out at 30°C. Blots were washed at

30°C in 2X SSC buffer. Autoradogam films were exposed for 6.5 h. Sources of

genomic DNA were N. europaea (Late 5); N. nwltiformr's (Lane 6); Nitrosolobus sp.

strain 24-C (Late 7); M'trosospr’ra sp. strain AV (Late 8); Nitrosospira sp. strain

39-19 (Late 9).
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Figaro 3.6b. Southern blots of AAO genomic DNA hybridzed with amoA probe (left)

and amoB prdte (rigtt). Hybridzation was carried out at 42°C. Blots were washed at

42°C in 0.1X SSC buffer. Autoradogam films were exposed for 9.5 h. Sources of

gertorrtic DNA wae N. europaea (Lane 5); IV. multifarmr's (Lane 6); Nitrosolobus sp.

strain 24-C (Late 7); M'tmsospira sp. strain AV (Late 8); Nitrosospl'ra sp. strain

39—19 (Late 9).
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(McTavish et al., 1993a), three copies of the hao gene (McTavish et al., 1993b),

and three copies of the o-554 gene (Sayavedra-Soto et al., 1994).

The number of hybridization bands and the locations of each band were

identical for the amoA and amoB probes for all AAO strains tested (Figure 3.6).

In N. europaea, amoB is located immediately downstream of amoA (McTavish

et al., 1993). The identical hybridization patterns obtained with amoA and

amoB probes on DNA from all other AAO strains indicates that these genes are

also linked in these strains. Norton et al. (1996) have reported that N.

multiformis and Nitrosospira sp. strain AV each contain three copies of the

amoA gene.

Comparisons of summed band Intensities. To evaluate whether

N. europaea gene probes would provide reliable estimates of population sizes

of other terresterial AAOs. the intensities of all hybridization bands for each

strain, under lowest stringency conditions, were summed to obtain an estimate

of total probe signal from each AAO (Table 3.3). The total probe signal depends

on both gene copy number and percent similarity between the DNA probe and

corresponding genes in different strains. Total probe signal of N. europaea was

designated as 100%, because all probes were derived from N. europaea DNA

sequences. Total probe signals from the other four AAO strains (Table 3.3)

were divided by the total probe signal from N. europaea to obtain percentage

values (Table 3.4). These percentages reflect the relative signal that could be

obtained from one genome of an AAO strain when it is hybridized with the

corresponding N. europaea-derived probe. In general, N. multifonnis exhibited

the lowest percentages (20 to 48%) of the four AAO strains tested. The hao

probe gave the highest overall percentages ( 48 to 68%) among the four strains

(Table 3.4).



TABLE 3.3. Summed intensities1 of all hybridization bands obtained with each probe from

genomic DNA of five ammonia oxidizer strains. Numbers in parentheses indicate the numbers of

hybridization bands contributing to total intensities. Hybridizations were carried out under low

stringency conditions (hybridization at 30°C, washing at 30°C with 2X SSC.)

 

Ammonia oxidizer strait amoA probe amoB probe hao probe hey probe

 

Namcum“ 2 220,500 (2) 365,300 (2) 580,600 (3) 277,300 (1)

Nitrosolobus mquiformis 80,500 (1) 74,400 (1) 276,400 (2) 128,400 (1)

Nitrosolobus sp. strain 240 166,600 (2) 46,700 (2) 372,200 (3) 75,400 (1)

Nmmpira sp. strain Av3 153,300 (3) 114,200 (3) 394,400 (3) 75,500 (1 )

Nrtroeospr‘ra sp. strain 3919 93,500 (1) 107,300 (1) 365,500 (3) 165,300 (3)

 

1 Densitometric rrteasurements of bands in digitized images of autoradiogram films that had been

exposed to Southern blots hybridized with 32-P-labelled probes (Figures 3.3, 3.4, and 3.5).

2 Nitrosomonas europaea contains 2 copies of the amo genes (McTavish et al., 1993a and

1993b), 3 copies of the hao gene, and 3 copies of the cytochrome c-455 (hcy) gene (Sayavedra-

Soto et al., 1994).

3 Nitmsospira sp. strain AV contains 3 nearly identical copies of the amoA gene (Norton at al.,

1 996).



TABLE 3.4. Summed band intensities for N. multiformis, Nitrosolobus sp. strain 24-C,

Nitrosospira sp. strain AV, and Nifrosospr'ra sp. strain 39-19, expressed as percentages of the

summed intensities for N. europaea (Table 3.3).

 

Ammonia oxidizerstra'n amoAprobe amonrobe hao probe hcyprobe

 

N. europaea 100% 100% 100% 100%

N. mdfiformis 36 20 48 . 46

Nitrosolobus sp. strain 24-C 76 52 64 27

Nitrosospira sp. strain AV 72 31 68 27

Nifrosospira sp. strain 39-19 45 29 63 59
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No hybridization was observed between any of the N. europaea probes

and DNA from A. gIobifom'lis, P. sfufzeri strain JM300, or Pseudomonas sp.

strain G-179 (data not shown).

Hybrldlzatlon results with other DNA probes. No hybridization

was observed between DNA from the four AAO strains and the TN45 probe

derived from N. europaea (Table 3.1). This probe thus appears to be derived

from a DNA sequence unique to N. europaea among the strains tested. No

hybridization was observed with DNA from any AAO and the probes for the

heme dNir or nitrous oxide reductase. Slight cross-hybridization was observed

between the probe for the Cu-type dNir and DNA from Nitrosolobus sp. strain

24—C and Nitrosospira sp. strain AV under moderate stringency conditions

(Figure 3.7). No hybridization was seen with DNA from the other AAOs.

DISCU S S lON

Results from the first comparative hybridization tests between a suite ofN.

europaea functional gene probes and genomic DNA from four representatives

of the Nitrosospira group of ammonia-oxidizing bacteria are presented. These

results provide important information for understanding how molecular analysis

techniques may be applied to the study of heterogeneous AAO populations in

soils and other environmental samples. The key findings in this study were that

DNA from all four Nitrosospira strains hybridized with each N. europaea

functional probe under low-stringency conditions (Figures 3.3, 3.4, 3.5), except

for the TN45 probe. Total hybridization signal at low stringency from each of the

four strains ranged from 20% to 76% of total signal from N.europaea DNA

(Table 3.4). No hybridization was observed for amo and hao probes under

higher-stringency conditions (hybridization and washing at 42°C), except for

very faint bands between DNA from Nitrosospira strain Np 39-19 and probes for
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FIGURE 3.7. Autoradiogram photograph of Southern blot hybridized with nir

probe for a copper-type nitrite reductase gene obtained from Pseudomonas sp.

strain G-179 (Ye et al., 1992). The blot contained EcoRl-digested DNA from the

following cultures: Pseudomonas sp. strain G-179 (Lane 1); Lane 2 blank;

Lambda DNA marker (Lane 3); Nitrosospira sp. strain 39-19 (Lane 4);

Nitrosospira sp. strain AV (Lane 5); Nitrosolobus sp. strain 24-C (Lane 6); N.

multiforrnis (Lane 7); N. europaea (Lane 8); Lambda DNA marker (Lane 9); A.

globiformis (Lane 10); Lane 11 blank; Pseudomonas sfutzeri strain JM300 (Lane

12). The positive control, Pseudomonas sp. strain G-179, exhibited the expected

hybridization band. Note that two AAO strains, Nitrosospira sp. strain AV and

Nitrosolobus sp. strain 24-C, exhibited slight hybridization with the probe.
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amoA (Figure 3.3) and amoB (Figure 3.6). The hcy probe also produced very

faint bands with DNA from all four strains under higher-stringency conditions

(Figure 3.5).

The results indicate that N. europaea DNA probe hybridization with

microbial community DNA would have to be carried out under low-stringency

conditions to detect other AAOs belonging to the Nitrosospira group. Use of

low-stringency conditions with N. europaea DNA probes would be particularly

critical when analyzing community DNA from soils, because cultural and

molecular studies have shown that Nitrosospira spp. are the predominant AAOs

in many soils (Hiorns, et al., 1996; Stephen at al., 1996; Bruns et al., manuscript

in preparation). In these soils, probes developed from functional genes derived

from Nitrosospira spp. may be more reliable for AAO population studies. It is

likely that probe hybridizations would still have to be carried out at low

stringencies to counteract the variability in functional gene homology (Norton et

al., 1996) observed among AAO strains.

The need for low-stringency hybridizations with functional probes raises

the problem of potential nonspecific binding of the probes to DNA from similar

genes in unrelated organisms. Methane oxidizers, for example, have DNA that

may cross-hybridize with probes for ammonia monooxygenase, because this

enzyme has substrate specificity similar to that of the particulate methane

monooxygenase (McTavish et al., 1993). Since methane-oxidizing bacteria are

also found in soils, DNA from these populations may also bind to amo probes

under low-stringency conditions. For this reason, an hao probe is likely to be

more specific for AAOs than an amoA probe (D. Arp, personal communication).

The hao probe exhibited the highest total hybridization signal of the four N.

europaea probes tested in this study (Table 3.4), suggesting that this gene is

more conserved among AAOs. Of these four probes, the hey probe would be
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expected to have the most cross-reactivity with DNA from other other bacteria,

because the sequence for the c-554 gene shares homology to genes coding for

other home cytochromes (Sayavedra-Soto et al., 1994). Under the higher-

stringency conditions used in our study, the hey probe etd'libited greater cross-

reactivity with DNA from all four Nitrosospira strains than the other three probes

(Figure 3.5).

Functional gene probe hybridizations with community DNA cannot be

considered to give absolute estimates of AAO population sizes in mixed

communities. A key problem in using probe hybridizations to estimate AAO

population size stems from our lack of knowledge about the extent of cross-

hybridization between DNA probes that have been developed from cultured

M03 and the genomic DNA of uncultured AAOs. As a group, the MOS are

extremely difficult to culture and purify, and only 10 to 20 different cultures of

M08 are available in international culture collections. In addition, the

physiological and biochemical characteristics of N. europaea have been

assumed to be generalizable to other AAOs (Prosser, 1989). Physiological

diversity among AAOs may be much greater than previously assumed. The lack

of any cross-hybridization between the TN45 probe sequence from N. europaea

and DNA from the Nitrosospira strains could allude to biochemical attributes in

the Nitrosomonas group that are absent in the Nitrosospira group. Similarly, the

cross-hybridization between Pseudomonas dNir probes and DNA from two out

of four Nitrosospira strains (Figure 3.7) may be an indication of broader

physiological diversity within this group. Continued efforts to modify enrichment

conditions and improve cultural procedures may result in the isolation from soils

of AAO bacteria which belong to phylogenetic divisions other than the beta

subgroup of Proteobacteria. The ammonia oxidation enzymes of such AAOs

would likely have undergone greater divergence and would exhibit less
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homology to N. europaea DNA probes than the terrestrial strains used in this

study.

Hybridization tests in this study were performed only on genomic DNA

from pure AAO cultures so that cross-reactivity between N. europaea gene

probes and DNA from Nitrosospira representatives could be compared directly.

Since no attempt was made to apply these probes to community DNA extracted

from soils, this study did not address the possibility that AAO numbers in soils

are too low to produce detectable hybridization signals. The lowest detection

limit for high-activity radioactive probes with single-copy targets of 1 kb is 104

organisms per gram of soil (Holben et al., 1988; Harris, 1994). Since MPN

counts of MOS in soils may be 104 or fewer per gram (Schmidt and Belser,

1982), some AAO populations would be too small to be detected with functional

probes. Thus, it would be more feasible to use the probe hybridization

approach with community DNA extracted from soils expected to have high AAO

populations (e.g., soils that have been amended with ammonia-based fertilizers

or animal manures; high-nitrogen-loaded sludges). Probe hybridizations may

be most useful in situations where comparisons of relative population sizes,

rather than absolute counts, can be used to track spatial, temporal, or treatment

vafiafions.
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Chapter Four

USE OF 168 rDNA ANALYSIS TO COMPARE DIVERSITY OF

AUTOTROPHIC AMMONIA OXIDIZER POPULATIONS IN SOILS

INTRODUCTION

Autotrophic ammonia-oxidizing bacteria (AAOs) are a key functional

group within soil microbial communities, because they carry out the rate-

determining step in nitrification. Terrestrial AAOs represent a narrow

phylogenetic group within the B—Proteobacteria (Head etal., 1993; Teske et al.,

1994), and they are known to be difficult to enumerate and isolate (Schmidt and

Belser, 1982). Their distinctive functional and phylogenetic characteristics

increase the likelihood that oligonucleotide probes and primers devel0ped from

their genomic DNA sequences will be specific and useful for analyzing DNA

from AAO populations in complex communities. Genes coding for small subunit

ribosomal RNA (16S rDNA) have been used most extensively in phylogenetic

analysis of bacteria (Woese et al., 1984; Maidak et al., 1994). The 168 rRNA

genes probably have greater potential than functional genes for providing the

means to evaluate AAO population sizes and structures within complex

communities.

Genes for enzymes in the autotrophic ammonia oxidation pathway

(McTavish et al., 1993; Sayavedra-Soto et al., 1994; Klotz and Norton, 1995)

may not provide sufficient target within community DNA to bind functional

probes, because AAO populations typically comprise less than 0.01% of the

total microbial community in soils (Schmidt and Belser, 1982). Functional gene

copy numbers and nucleotide sequences appear to vary enough within this

75
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narrow group of B—Proteobacteria so that functional probe hybridizations may

only be able to provide relative estimates of AAO population sizes (Norton et al.,

1996; Bruns et al., manuscript submitted). Stephen at al. (1996a) recently

compiled a database containing 110 partial 168 rDNA sequences for AAOs in

the B-subgroup of Proteobacteria. Six distinct sequence clusters, based on

differences in variable regions of these sequences, were identified (Stephen et

al., 1996a). Marker sequences identified for each cluster appeared to be useful

for evaluating the composition of mixed AAO populations (Stephen at al.,

1996b).

Our study describes the use of PCR-based 16S rDNA analysis to

compare AAO populations in soils with different disturbance and fertilization

regimes. In contrast to workers who have used universal 16S rDNA primers

with PCR to characterize whole bacterial communities in simpler systems

(Giovannoni et al., 1990; Schmidt et al., 1991) we used more specific primers

(McCaig et al., 1994; Kowalchuk et al., 1996) targetted for AAOs and their close

relatives within the larger soil microbial community. We also analyzed PCR

amplification products with oligonucleotide probes developed from the

database of Stephen at al. (1996a). Two approaches were used: 1) cloning of

PCR amplification products followed by probe hybridizations of clone blots; and

2) separation of PCR products by denaturing gradient gel electrophoresis

(DGGE; Muyzer et al., 1993), followed by probe hybridizations of DGGE blots

(Kowalchuk et al., 1996; Stephen at al., 1996b). We observed reproducible

differences in 16S rDNA sequences generated from the soil community DNA

samples and attempted to relate these observations to known differences in soil

treatments (i.e., disturbance and fertilization histories). These soils were shown

to have different AAO population sizes and different nitrification capacities

(Bruns et al., manuscript in preparation). We propose that the differences in
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rDNA sequences obtained from soil communities reflect actual differences

between in situ AAO populations within these communities.

MATERIALS AND METHODS

Long-Term Ecologlcal Research elte. Soils containing the AAO

populations to be analyzed were sampled from the Long-Term Ecological

Research (LTER) site at Kellogg Biological Station (KBS) in southwest Michigan

U.S.A. (Robertson et al., 1996). This site was established in 1988 to study

ecological interactions affecting productivity, nutrient availability, and biotic

diversity in cropped, successional, and native ecosystems representative of the

Upper Midwest United States. Chemical, biological, and physical

measurements and agronomic parameters are taken regularly at this site during

each cropping season. Much of these data are accessible through the K88

LTER home page on the World Wide Web (http://kbs.msu.edu/lter/). Some KBS

LTER data for relevant treatments, experimental plots, and sampling periods are

cited in this paper (see below). These provide supplemental information for

ecological interpretations of results from microbiological and molecular

analyses.

Soils and treatments. Soils from cultivated and never-tilled plots at

the LTER site were sampled in July 1993, july 1994, and August 1995. Soils

from successional plots were sampled in August 1995 only. Analysis of 16S

rDNA from soil bacterial community DNA was performed on 1994 and 1995 soil

samples obtained from two 1-ha replicate plots per treatment.

The cultivated plots (LTER Treatment 1) had been in a com-soybean

rotation from 1989 to 1994, with wheat introduced as a third rotation crop in

1995. This treatment was conventionally tilled (annual moldboard plowing,

disking, and cultivation), treated with prescribed applications of herbicides and
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insecticides, and fertilized with ammonium nitrate. The N fertilizer was

broadcasted at a rate of 84 kg N per he to the corn crop and 56 kg N per he to

the wheat crop. Crops in this treatment were com. soybeans, and wheat in

1993, 1994, and 1995, respectively. The never-tilled plots (LTER Treatment 8)

had not been tilled after clearing of the native deciduous forest in 1959. (Most

of the vegetation in these plots now consists of C3 grasses.) Successional plots

(LTER Treatment 7) had been in com and soybeans for at least 40 years before

they were left in 1989 to revegetate with extant flora. The successional plots

were therefore under a disturbance regime intermediate between the cultivated

and never-tilled treatments. Nitrogen-fertilized micropIots (5m x 5m) were also

sampled to evaluate fertilization vs. disturbance effects. These micropIots

(designated here as Treatment 7F) received 125 kg N per ha broadcasted in

July of each year.

Soils at the LTER site are classified as Typic Hapludalfs (U.S. Soil

Classification System, 1992) belonging to the Kalamazoo and Oshtemo soil

series (fine, loamy, mixed, mesic). Soils were sampled to a 10-cm depth with a

2.5-cm corer (approximately 14 g fresh soil per core). The A horizons in these

scils are typically 20 cm deep. Soil samples in 1994 were composited from five

sampling stations in each of the two replicate plots per treatment. Samples in

1995 were composites of 20 soil cores taken near LTER sampling station #1 in

each plot (Robertson et al., 1996). All soil samples were stored at 4°C until they

were analyzed in the laboratory. Prior to subsampling, soils were mixed inside

plastic bags by manually kneading and shaking the bags. Gravel and other

debris were remoeved from these soils manually. Soil moisture contents were

determined from two 10-g subsamples dried at 110°C for 48 h. All results

reported here are based on soil dry weights.
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Descriptions of each treatment and other biological and chemical

characteristics of soils from these treatments are summarized in Table 4.1.

Nitrate and ammonium measurements are made monthly during ice-free

conditions as part of routine KBS LTER site data collection (Robertson et al.,

1996). The nitrate and ammonium contents reported in Table 4.1 were

obtained from the K88 LTER Site Data Catalog on the World Wide Web

(htth/kbs.msu.edu/lter). These were determined on composited samples from

each replicate plot between April and November in 1994. Soil samples were

sieved (4 mm) and subsampled in triplicate. Subsamples (10 g fresh weight)

were extracted in 100 ml of 1 M KCI by shaking for one min, standing ovemight,

and reshaking prior to filtering with a type AIE 1-um pore size glass fiber filter.

Filtrates were analyzed on an Alpkem segmented flow analyzer (KBS LTER

Site Data Catalog, Soil Inorganic Nitrogen, 1996).

Organic C, microbial biomass C, and direct microscopic counts reported

in Table 4.1 were determined from composited samples taken in July, 1994

from each replicate plot. Carbon analysis was performed on oven-dried,

ground samples in a Carlo Erba NA 1500 series 2 nitrogen/carbon analyzer

(Fisons Instruments, Beverly, Mass). Microbial biomass C contents were

measured by the chloroform-fumigation-incubation method (Horwath and Paul,

1995). Direct microscopic counts were made by staining soil smears with DTAF

[5-(4,6-dichlorotriazin-2-yl)amino fluorescein (Sigma Chemical Co., St. Louis,

Mo.)] and obtaining random digitized images of the smears under

epifluorescence microscopy (D. Harris, personal communication) with a charge-

coupled device camera (Princeton Instruments, Trenton, N. J.). Images were

transferred to a Power Macintosh 7100/66 for counting as previously described

(Zhou et al., 1996). Most-probable number (MPN) counts of M05 were

determined for 1995 samples by blending soils in a Waring Blendor with 100
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mM phosphate buffer (pH 7.0) and making twofold dilutions in 96-well microtiter

plates (Bruns et al., 1996). The wells in the microtiter plates contained ATCC

Medium 929 modified by reducing the (NH4)2SO4 concentration tenfold to 10

ppm (Bruns et al., manuscript in preparation). Inoculated plates were sealed

with parafilm, wrapped in plastic bags, and incubated at 25°C in the dark for

two months before testing aliquots from the wells for nitrate and nitrite (Bruns et

al., manuscript in preparation).

DNA extraction from soils. Soil samples were stored at 4°C until

they were analyzed in the laboratory. Prior to subsampling, soils were mixed

inside plastic bags by manually kneading and shaking the bags. Gravel and

other debris were removed from the soils manually. Soil moisture contents

were determined from two 10-g subsamples dried at 110°C for 48 h. All results

reported here are based on soil dry weights. Soil community DNA was

extracted from 5-g subsamples (fresh weight) by the method of Zhou et al.

(1996). DNA was separated from soil humic substances by subjecting the

entire crude extract to electrophoresis in 0.8% Iow-melting-point agarose (Gibco

BRL, Gaithersburg, Md). The DNA bands were excised from the gels, and the

agarose was dissolved with agarase (Boehringer Mannheim Corp.,

Indianapolis, Ind.). The DNA mixture was concentrated and washed twice with

distilled water in Centricon-100 ultracentrifugal filters (Amicon, Inc., Beverly,

Mass). DNA concentrations and purities were determined at 260, 280, and 230

nm with a Hewlett Packard 8452A spectrophotometer (Hewlett Packard Co.,

Sunnyvale, Calif).

Polymerase chain reaction with 16S rDNA primers. Purified

DNA was amplified using the 168 rDNA primers, described by McCaig et al.

(1994). These have a higher specificity than universal eubacterial primers for

AAOs in the fl-subgroup of Proteobacteria. The sequence of the forward primer,
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B-AMOf, was 5'-TGGGGRATAACGCAYCGAAAG-3', which corresponded to

positions 141-161 of the Eschen’chia coli rDNA molecule. The sequence of the

reverse primer, B-AMOr, was 5'-AGACTCCGATCCGGACTACG-3',

corresponding to E. coli positions 1301-1320 (McCaig et al., 1994). The PCR

was carried out in 50-ttl reaction volumes with a Perkin-Elmer GeneAmp PCR

System 9600 (Perkin -Elmer, Foster City, Calif), using a hot-start procedure to

reduce nonspecific amplification (Chou et al., 1992). Each reaction mixture

contained 10 ng template DNA, 4 pmol of each primer, and 1 Unit of Taq

polymerase (Perkin Elmer, Foster City, Calif.) in a final concentration of 2.5 mM

MgCl2, 0.12 mM dNTPs in PCR reaction buffer. Positive controls contained 10

ng of Nitrosomonas europaea genomic DNA as template. Negative controls

contained dilutions of processed agarose gel slices that were cut from areas in

the purification gels containing no DNA. PCR reaction conditions were as

follows: initial denaturation at 94°C for 2 min; 35 cycles of 94°C for 1 min/55°C

for 1 min/72°C for 1 min; final extension at 72°C for 7 min. Four to five

duplicate reaction mixtures were amplified at a time, and the PCR products

were pooled to reduce bias resulting from PCR drift (Moyer et al., 1994).

Cloning of PCR products. Pooled mixtures of PCR products were

concentrated in a Microcon-100 unit (Amicon, Inc., Beverly, Mass.) and added to

agarose gels for electrophoresis to isolate PCR product bands. Gel slices

containing the PCR products (approximately 1100 bp) were excised and treated

with OIAEX II reagents (Oiagen, Inc, Chatsworth, Calif.) to purify the DNA from

the gel. Purified DNA was washed again and concentrated in a Microcon-100

unit. PCR products were ligated into the pGEM-T vector using T4 ligase

(Promega, Inc., Madison, Wisc.). Epicurean coli XL1-Blue supercompeient cells

(Stratagene, Inc., La Jolla, Calif.) were prepared and transformed with the

ligation mixtures according to the manufacturer's directions. The entire
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transformation mixtures were plated out onto Luria-Broth (LB) agar plates

containing 20 mg ampicillin, 80 mg methicillin, and 10 mg kanamycin per liter of

agar. (Methicillin was added to reduce incidence of false-positive satellite

colonies.) Immediately prior to inoculation, plates had been freshly prepared

and spread with 50 ul IPTG solution (0.2 M isopropyI-1-thio-B-D-galactoside in

water) and 50 ul Xgal solution (20 mg 5-bromo-4-chIoro-3-indolyl-B-D-

galactoside per ml of dimethylformamide) to permit chromogenic detection of

white transformant colonies from blue nontranformant colonies. Plates were

incubated at 37°C for 24 h, then held at 4°C for 48 h to allow nontransformant

colonies to develop deeper blue color. Well-isolated, white colonies were

picked to fresh LB plates containing 100 ug ampicillin per ml to produce a 168

rDNA clone library for each soil sample. Plasmid DNA preparations were

obtained from these clones using the Wizard Minipreps kit (Promega Corp.,

Madison, Wisc.).

T-tracklng and sequenclng of PCR Inserts. Previous observations

during development of the database by Stephen at al. (1996a) had shown that

the primers of McCaig et al. (1994) could generate nonpecific PCR amplification

products from non-AAO DNA (e.g., DNA from Comamonas testosteroni and

some other related B—Proteobacteria). T-tracking was used to distinguish AAO

rDNA inserts from non-AAO inserts. (With the T-iracking method, PCR inserts

are partially sequenced with a single terminating dideoxynucleotide (dATP) to

generate single-lane band patterns in sequencing gels.) The T-track band

patterns were generated from the 16S rDNA region corresponding to positions

300-500 of E. coli rDNA. T-tracks from AAO rDNA had characteristic motifs that

were used to screen out clones containing non-AAO rDNA (Stephen at al.,

1996a). In this study, T-tracks for 45 clones were obtained from plasmid DNA
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samples with the 536r res rDNA sequencing primer, 35S-dATP, and a

Sequenase kit (Amersham Corp., Arlington Heights, lll.).

Plasmid DNA samples, which generated different T-tracks having the

characteristic AAO motif, were sequenced manually across the 168 rDNA

region corresponding to E. coli positions 200-530. Sequences obtained from

these plasmids were aligned using the GDE program (Maidak et al., 1994) with

other partial 168 rDNA AAO sequences in the database of Stephen at al.

(1996). Phylogenetic analysis (Jukes and Cantor, 1969) was performed using

PAUP (Swofford, 1993) and Phylip (Felsenstein, 1993) to generate a

phylogenetic tree based on nearest-neighbor distances (Saitou and Nei, 1987).

GenBank accession numbers for these sequences are U56606 to U56633.

Three plasmid DNA samples that generated T-tracks with non-AAO motifs were

also sequenced to confirm their positions in the phylogenetic trees.

Colony blots and probe hybridizailons. Clones were transferred

as 3- to 4-mm patches onto LB-ampicillin plates and incubated overnight at

37°C. Growth from these plates was transferred to replicate 10 cm x 10 cm

plates (100 clones per plate) and incubated at 37°C for 18-20 h. Colony

transfers were made from each plate by applying a Hybond N+ membrane

(Amersham Corp., Arlington Heights, III.) to the surface of a plate and leaving it

for one min. The membrane was then lifted from the plate and placed colony-

side-up on a blotting paper soaked with denaturing solution (1.5 M NaCI, 0.5 M

NaOH) for 7 min to lyse the cells. The membrane was neutralized (1.5 M NaCI,

1 M Tris, pH 7.4) and rinsed in 2X saline-sodium citrate (SSC) buffer before air-

drying. The DNA from the clones was cross-linked to the membrane by UV

irradiation in a Stratalinker (Stratagene, Inc., La Jolla, Calif). Clones containing

plasmids with PCR inserts with known sequences were included in the clone
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libraries during membrane preparation to serve as positive and negative

hybridization controls.

The sequence database of Stephen at al. (1996)a was used to identify

oligonucleotides that could be used as probes (Table 4.2) to differentiate

various subgroups of AAO sequences in the database. Probes were and-

labeled with g32P-ATP (DuPont NEN Biotechnology Division, Wilmington, Del.)

with T4 polynucleotide kinase (Stratagene, Inc., La Jolla, Calif.). The 32P-

labelled probes were added to hybridization solution to obtain activities of

approximately 1 mCi per ml.

Membranes containing DNA from clone libraries were prehybridized in

QuikHyb solution (Stratagene, Inc., La Jolla, Calif.) for 1 to 2 h in glass

hybridization tubes in a Techne Hybridization oven (Techne, Inc., Princeton,

N.J.). Membranes were hybridized with 32P-Iabelled probes at 42°C for 6 to 18

h. Membranes were washed at 42°C in 2X SSC containing 0.1% sodium

dodecyl sulfate (SDS) and placed in film cassettes for exposure to

autoradiogram film (Kodak, Inc., Rochester, NY.)

Denaturing gradient gel electrophoresis (DGGE). Purified DNA

extracts (20 ng per reaction) were used in PCR amplification reactions with the

primers CTO178F-GC and CT0637r (E. coli numbering), which were developed

specifically for DGGE analysis of AAO populations by Kowalchuk et al. (1996).

This primer pair generates a 497-bp fragment containing 459 bp of rDNA

sequdtce and a 38-bp GC clamp. PCR reactions were carried out using the

Expand High Fidelity PCR System (Boehringer-Mannheim Corp., Mannheim,

Germany) in 50-ttl volumes overlaid with an equal volume of paraffin oil. PCR

conditions in an OmniGene Thermal Cycler were as follows: Initial denaturation

at 94°C for 1 min; 35 cycles of denaturation (92°C for 30 sec)/annealing (57°C

for 1 min)/extension (68°C for 45 sec with an incremental increase of 1 sec per
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cycle); and final extension at 68°C for 5 min (Stephen at al., 1996a). DGGE

was carried out according to the methods of Muyzer et al., (1993) in 20x20 cm,

1.5-mm-thick, 0.8% polyacrylamide gradient gels (0.5x TAE; 37:1

acrylamide/bisacrylamide) with a D-Gene system (Bio-Rad Laboratories,

Hercules, Calif.). (1X TAE contains 0.04 M Tris base, 0.02 M sodium acetate,

and 1 mM EDTA, pH 7.4). Gels were poured with a CBS gradientmaker (Del

Mar, USA) and a Bio-Rad Econo-pump (Bio-Rad Laboratories, ) at a speed of 5

ml per min (40-ml gradient volume) to obtain a gradient of typically 38 to 50%

denaturant. DGGE gels were run in 0.5x TAE at 60°C for either 6 1/2 h at 200 V

or 16 h at 85 V. Gels were stained with ethidium bromide to visualize DNA

bands under UV transillumination. Southern blots were prepared from the gels,

and these were hybridized with selected 32P-labelled probes (Table 4.2).

RESULTS

DNA ylelds from soils. DNA yields from cultivated soils were

significantly lower (p < 0.05) than yields from never-tilled soils in 1993 and 1994

(Table 4.3). No significant differences were observed between DNA yields from

cultivated, never-tilled, and successional soils in 1995. DNA quality, as

measured by optical density (0. D.) ratios of DNA preparations at 260 nm/280

nm, was slightly higher for 1994 samples (1.8 to 1.9) than for 1995 samples (1.5

to 1.7). The O. D.2eo/230 ratios for the same samples were also higher in 1994

(2.3 to 4.4) than in 1995 (1.3 to 1.5). Since the latter ratio is a measure of humic

substance contamination in nucleic acid samples, the 1995 DNA samples

were less pure than the 1994 samples. Both sets of samples, however,

appeared to yield equivalent PCR product band intensities when amplified at 10

ng DNA per 50-ttl reaction.



TABLE 4.3. DNA yields (ug DNA per 9 soil dry weight) from cultivated, never-

tilled, and successional soils. Numbers in parentheses indicate ranges of

experimental values for each treatment.

 

 

Treatment 19931 19942 19952

(corn) (soybean) (wheat)

Cultivated (T1) 2.6 (11.4) 2.9 (10.1) ) 12.82 (:38)

Never -tilled (T8) 15.4 ($3.3) 13.0 (12.8) ) 15.7 (13.7)

Successional (T7) ND ND 13.6 (11.4)

Fertilized successional ND ND 19.6 (13.7)

(17F)

 

1 Mean of three analytical replicate subsamples from 1 composited sample for

each treatment.

2 Mean of 2 replicate samples from each treatment.
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Sequence diversity In clone libraries. Twenty-six clones obtained

from community DNA of the never-tilled soils sampled in 1994 were screened

by T-tracking. Half of these (13 clones) exhibited characteristic AAO motifs.

Nearly all T-tracked clones (18 out of 19) from community DNA of cultivated

scils exhibited AAO motifs (Figure 4.1). The AAO motif was characterized by the

sequence TCTTI' at E. coli positions 432-436, shown by the bracketed region in

Figure 4.1. T-tracks that did not have this motif (tracks 2, 18, 21, 22, 24, 25, 26,

28, 29, 31, 34, and 35) were considered to represent nonspecific PCR

amplification products (cloned DNA that did not arise from AAO rDNA). From

the percentage of T-tracks with AAO motifs in this sample set of clones, we

concluded that clone libraries from community DNA of never-tilled soils

contained proportionally more clones with nonpecific amplification products

than libraries from cultivated soil community DNA. These T-tracks also provided

information on comparative diversity within this sample of cloned rDNA

sequences. One out of 13 clones containing the AAO motif in the never-tilled

sample set had a redundant T-track pattern (similar to that of another clone in

the set). Six out of 18 (one in three) clones with AAO motifs had redundant

patterns. Although the sample set of clones from never-tilled soil community

DNA contained proportionally fewer A0 rDNA inserts, fourfold more clones had

unique T-track patterns than did clones in the cultivated soil sample set.

Phylogenetic analysis was performed on 24 cloned sequences that had

been aligned to other AAO sequences in the database of Stephen et al., 1996a.

A phylogenetic tree was constructed (Figure 4.2) containing 13 sequences from

cultivated soil community libraries and 11 from never-tilled soil community

libraries. All sequences from cultivated soil community libraries fell within one

clade (Cluster 3 Nitrosospira) in the phylogenetic tree (Figure 4.2). The most

dissimilar AAO sequences among these clones differed at 3% of the base
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FIGURE 4.1. T-track banding patiems observed with single-dideoxynucleotide termination

sequencing reactions. DNA samples sequenced were partial 16$ rDNA gene Inserts obtained

from PCR amplification of soil community DNA with the b-AMO primers of McCaig at al., (1994).

The left-hand set of 17 banding patiems (T-tracks 1-17) were sequences amplified from cultivated

sell community DNA. All T-track patiems, except one, in this set, contained the characteristic AAO

motif (see indicator arrows) composed of a singlet band, a singlet gap, and a triplet of bands. The

right-hand set of 18 band patterns (T-tracks 18-35, not including the two inner lanes with no DNA)

were sequences amplified from never-tilled soil community DNA. Seven of the 18 T-track patiems

contained the AAO motif, while 11 patiems appeared to be derived from non-AAO DNA. (Lanes

with the AAO motif are marked "+'; lanes without this motif are marked '-'.)
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FIGURE 4.2. Phylogenetic tree showing distances between 168

rDNA sequences obtained from cultivated soil samples (KZOO-H

sequences)and never-tilled soil samples (KZOO-D sequences).

Phylogenetic analysis included other partial 16$ rDNA sequences

for B-subgroup autotrophic ammonia oxidizers from the sequence

database of Stephen et al. (1996a). Clusters indicated are

phylogenetically distinct groups of sequences identified in this

database. Sources of other sequences in the tree were: neutral

Craibstone (Scotland) soils (PH7); acid Craibstone soils (PH4.5

and 4.5); marine waters and sediments (Env and JUNE);

low-nitrogen-Ioaded activated sludge (AL212 from Y. Suwa);

and enrichments from pig waste slurries (JWU sequences from

A. Princic).
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positions (out of a total 318 bases). 0f the 11 sequences from libraries of never-

tilled soil community DNA, three fell within Nitrosospira Cluster 3, two within

Nitrosospira Cluster 5, one within the Nitrosomonas clade (Cluster 6), and six

within a deep-branching clade having intermediate phylogenetic distance

between the Nitrosomonas and Nitrosospira groups. The three Cluster 3

Nitrosospira sequences were identical, so these were counted as one distinct

sequence to give a total of 10 different sequences from never-tilled soil

community libraries (Table 4.4). The most dissimilar AAO sequences derived

from never-tilled soil community DNA differed at 14% of the 318 base positions.

Based on this comparison, AAO sequences from never-tilled soil community

libraries exhibited fourfold greater diversity than AAO sequences from cultivated

soil community libraries.

Probe hybrldlzatlons of clone-blots. Three oligonucleotide probe

sequences (Table 4.2), developed from the database of Stephen et al. (1996a),

were used in hybridization tests with clone-blots to screen larger numbers of

clones for non-AAO PCR products. Based on information in this database, the

Ammo_CI_2I3/4/6 probe could hybridize to all terrestrial AAO sequences,

except for sequences falling within the deep-branched clade. The B-Deep and

AII_Spira probes could hybridize to sequences in the deep-branched clade and

all-Nitrosospira group, respectively. The percentages of clones with DNA

hybridizing to the Ammo_CI_2/3/4/6 probe were higher in libraries from

cultivated soil community DNA than in never-tilled soil community libraries

(Table 4.5). Percentages of clones cross-hybridizing with the B-Deep probe

were higher in never-tilled soil community libraries than in cultivated soil

community libraries.

Probe hybridizations with clone libraries derived from soils sampled in

1995 were performed to determine whether similar hybridization percentages
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TABLE 4.4. Nurrbers of diferent partial 16$ rDNA sequences falling within slbgrotps in B-

Proteobacteria (1994 sarrples).

 

 

Treatment Total Typical Novel Nitrosomonas Deep-

number of Nitrosospira Nitrosospira clade clade branched

sequences clade clade

Cultivated 1 3 1 3 0 0 0

Never- 1 0 1 2 1 6

filled
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could be obtained in a subsequent year. In addition, clone libraries were

obtained from soils sampled from successional plots that had a disturbance

history intermediate between those of never-tilled and cultivated plots. The

degree of nonspecific amplification from community DNA of 1995 soils (84 to

99%) was much higher than that from community DNA of 1994 soils (60 to 80%

in Table 4.5). The number of clones hybridizing to the Ammo_CI_2/3I4/6 probe

were higher in libraries from cultivated and fertilized successional plots than for

never-tilled and successional plots (Table 4.6). Numbers of clones hybridizing

to the B-Deep probe were highest in libraries from never-cultivated soils.

Denaturlng gradient gel electrophoresis (DGGE). PCR products

were obtained from all soil samples using DGGE primers with greater specificity

for AAOs (Kowalchuk et al., 1996). The DGGE patiems for replicate samples

within each treatment were remarkably similar, except for soils from fertilized

successional plots (Figure 4.3). Very similar DGGE patiems were also

observed in samples from the same plots taken in 1994 and 1995. Bands 1 and

2 in lanes containing DNA from cultivated soils were more intense than

corresponding bands at these positions in lanes containing DNA from never-

tilled soils. These same bands appeared stronger in lanes containing DNA

from successional soil samples. Their intensities, however, were not as great

as they were in lanes with DNA from cultivated soil samples. The third band

observed in all lanes containing DNA from cultivated soil samples was not seen

in lanes containing DNA from never-tilled soil samples. Conversely, the third

band in lanes containing DNA from never-tilled soil samples was not observed

in any of the lanes containing DNA from cultivated soil samples.

DNA in DGGE gels was transferred to a hybridization membrane and

probed with the All_Spira probe, which hybridizes with all Nitrosospira

sequences in the database of Stephen at al. (1996a). Equivalent hybridization



TABLE 4.5. Percentages of probe-positive clones in Ibraries obtained from soil community DNA

(1994 samples).

 

Treairnent Replicate Total Percentage Percentage positive Percentage positive

plot clones negative for al fortypicel and novel for deep-branched

 

tested probes AAOs clade probe

Culivated 1 81 36% 64% 0%

2 200 44% 56% 0%

Never- 1 346 78% 10% 1 2%

filled 2 326 79% 4% 1 7%
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TABLE4.6. Nunbersdprobe—posihrecbnesmlbrafiesobiaktedfromsoicomuninNA

(1995 samples).

Treatment Replicate Total Number hybridizing with Number hybridizing with

 

 

plot clones all-AAO probe deep-branched probe

tested

Cultivated 1 500 73 6

2 494 4 0

Never-tilled 1 482 3 1 5

2 480 3 46

Successional 1 369 2 2

2 457 7 2

Fertilized 1 396 32 9

successional 2 486 1 0 3
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signals were observed from banding patterns from all samples. When the blots

were probed with the Spira_Cl_3 probe (for Cluster 3 Nitrosospira), strong

hybridization signals were obtained in lanes containing DNA from cultivated

and fertilized successional soil (Figure 4.4). No signal was observed between

the Spira_Cl_3 probe and DNA from both replicate plots of never-tilled soils.

Furthermore, no signal was observed in the lane containing DNA from one

unfertilized successional replicate plot. When blots were probed with the

All_Spira probe, all bands from all samples had exhibited approximately

equivalent hybridization intensities (Figure 4.5). Hybridization patiems in

Figures 4.4 and 4.5 indicated that bands from community DNA of never-tilled

soils and unfertilized successional soils were derived from Nitrosospira DNA

but specifically not from Cluster 3 Nitrosospira.

DISCUSSION

This study showed that AAO ribosomal gene sequences from never-tilled

soils exhibited fourfold greater dissimilarity than AAO sequences from cultivated

soils. These results provide strong evidence that AAO populations were more

heterogeneous in the never-tilled soils than in the cultivated soils. Extraction of

DNA from soils, PCR amplification, or cloning can cause biased sampling of in

situ ribosomal gene sequences (Giovannoni et al., 1996). However, the fact

that these samples were analyzed with the same procedures under identical

conditions strengthens the argument that observed sequence differences

reflected actual differences in the in situ AAO populations. A reasonable

explanation for these differences is that AAO diversity is reduced in cultivated

soils by a selection process resulting from regular additions of N fertilizers.

Lower AAO diversity in cultivated soils could also be caused by a reduction in

niche heterogeneity due to regular plowing disturbance.
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Another important finding was that Nitrosospira Cluster 3 sequences

predominated in DGGE blots from cultivated and fertilized successional soils,

whereas they were not detected in blots from never-tilled and successional soils

(Figures 4.3 and 4.4). Nitrosospira Cluster 3 is one among seven

phylogenetically distinct B-AAO clusters identified by Stephen at al. (1996a and

1996b) from a sequence database derived from physically and geographically

diverse samples. The Nitrosospira and Nitrosomonas groups in this database

comprise four and three clusters, respectively. The Nitrosospira group consists

of Cluster 1 (sequences from marine samples), Cluster 2 (sequences frequently

retrieved from soils but without any cultured representatives), Cluster 3

(sequences of Nitrosospira spp. commonly cultured from soils), and Cluster 4

(novel sequences from previously uncultured Nitrosospira spp. with pure

cultures recently isolated; Stephen et al., 1996a). Nitrosospira Cluster 3

includes cultures and sequences that were commonly obtained from

agricultural soils in Scotland and the Netherlands (Stephen et al., 1996a). The

presence of Cluster 3 sequences in fertilized soils and the lack of these

sequences in never-tilled and successional soils suggest that this cluster is

associated with soils that have been recently amended with N fertilizers.

Nitrosospira sequences other than Cluster 3 sequences predominated in

DGGE mixtures from never-tilled and successional soils, because DGGE blots

from these samples hybridized only with the All_Spira probe (Figure 4.4).

Since it was not likely that soils contained Cluster 1 Nitrosospira (marine

strains), these DGGE mixtures probably contained Cluster 2 or 4 Nitrosospira.

These clusters appear to include sequences from less readily culturable

Nitrosospira spp. No representatives of Cluster 2 sequences have been

isolated in culture, whereas a few Cluster 4 isolates have recently been

obtained (J. l. Prosser, personal communication). Bruns et al. (1996) isolated a
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representative of Cluster 4 Nitrosospira from a never-tilled sample after a six-

month enrichment in mineral medium containing 10 ppm NH4-N. This NH4-N

concentration, which is tenfold lower than concentrations typically used for

most-probable-number (MPN) enumerations of MOS (Schmidt and Belser,

1982). was an important factor in the successful isolation of Nitrosospira strain

R1, a novel representative of Cluster 4 Nitrosospira (Bruns et al., manuscript in

preparation). Other workers have used lower NH4-N concentrations in MPN

media to increase AAO recovery from forest soils (Donaldson and Henderson,

1989). This may indicate that the most commonly used methods to culture

AAOs have been inappropriate for recovering certain AAO groups.

Predominance of Cluster 4 sequences from never-tilled and successional soils

may shed light on previous studies, in which no or low numbers of nitrifiers were

recovered from grassland, forest, and climax ecosystem soils that exhibited

nitrification after the vegetation was removed (Rice and Pancholy, etc.). These

observations led some researchers to suggest that certain plants inhibit nitrifier

p0pulations (Rice and Pancholy, 1978). An alternative explanation, based on

our sequence observations, is that the predominant nitrifiers in these grassland,

forest, and climax soils were not culturable in recovery media used in these

studies.

Another difference observed in our study was that sequences from a

deeply branched cluster of unidentified B—proteobacteria appeared to be more

common in clone libraries from never-tilled soils than in libraries from cultivated

soils. This difference in frequencies of deep-branched sequences was

observed in both replicates of each treatment in 1994 and 1995 (Tables 4.5 and

4.6). The deep-branched sequences appeared to be derived from bacteria

which are related to AAOs. These bacteria cannot be designated as AAOs until

cultured representatives have been shown to oxidize ammonia autotrophically.
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Deep-branched sequences have also been retrieved from Scottish soils,

sediments, and freshwater samples using the B-AMO primers of McCaig et al.

(1994). The CTO_PCR primers used for DGGE (Kowalchuk et al., 1996) were

more specific for AAOs than the B-AMO primers (McCaig et al., 1994), and they

did not amplify DNA from plasmids containing inserted sequences from the

deep-branched cluster (unpublished observations). Thus, the DGGE blots in

our study were not expected to contain any deep-branched sequences. The

information on this cluster was available only from the clone library analysis and

not from DGGE results. The higher frequency of deep-branched sequences in

clone libraries appears to be associated with less disturbed soils, but the

phylogenetic and functional significance of this association is unknown. Further

assessments for the presence of these sequences in other environmental

samples and successful isolation of deep-branched representatives are needed

to learn more about the function and significance of these bacteria in soils. If

their association with undisturbed soils is found to be robust, these deep-

branched B-Proteobacterial sequences might potentially serve as disturbance

indicators in soil restoration programs.

A final important finding was the close similarity between DGGE band

patiems for PCR mixtures from replicate plots of the same treatments from both

years (Figure 4.2). All replicate plots had an area of 1 ha and were located

among a total of 46 plots in a randomized block design over a 48-ha site

(Robertson et al., 1996). Variability of soil properties at this site (including not

nitrification) was observed to be high and spatially dependent over distances of

1 to 40 m (Robertson et al., 1993). Approximate distances between sampled

replicate plots in our study were 900 m, 500 m, and 100 m, for cultivated,

successional, and never-tilled treatments, respectively. Nearly identical DGGE

patterns were obtained with each sample that had been composited from 25
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cores taken from different sites in each plot. At least two explanations can be

given for DGGE pattern reproducibility. First, reproducibility could result from

AAO populations in these soils being truly robust and strongly dependent on

disturbance history. Alternatively, reproducibility could be due to nucleic acid

selectivity of PCR and DNA extraction procedures. If such selectivity did occur

during our procedures, it appeared to be treatment-dependent, because the

DGGE blots produced distinctly different probe hybridization results. The

consistent differences between treatments can be used to interpret how

environmental factors have influenced AAOs in these soils, even if possible

technical bias precludes use of the results to describe actual in situ populations.

5 In contrast to the DGGE patiems, cloning and probe hybridization results

were not as reproducible from 1994 to 1995. This was due to the high

incidence of nonspecific (non-AAO) PCR amplification products in the 1995

clone libraries, which was probably due to two technical reasons. First, the

reverse primers used in the initial PCR reactions on soil DNA extacts were

slightly different in the two years. In 1995, we used the original B-AMOr primer

of McCaig et al. (1994). The previous year we used a modified reverse primer

from a 16S rDNA sequence starting three bases upstream from the original

primer. This modification had been made to reduce nonspecific PCR

amplification, specifically from DNA of Comamonas testosteroni. The use of the

original reverse primer in 1995 may explain the greater incidence of nonspecific

PCR amplification products observed. A second possible reason for higher

nonspecific amplification was that the 1995 soil DNA extracts were less pure

than 1994 extracts, because they had lower O.D.2eo/2eo and O.D.250/230

ratios. DNA quality in 1995 may thus have affected the specificity of the Taq

DNA polymerase in the PCR reactions. Nevertheless, the 1994 and 1995 clone
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libraries were similar in that both exhibited higher frequencies of deep-

branched sequences in libraries from never-tilled soils.

These findings from 168 rDNA analysis are substantiated by results we

have obtained using cultural methods to estimate AAO p0pulation sizes in these

soils (Bruns et al., 1996). Most-probable-number (MPN) counts of AAOs were

consistently lower by a factor of ten in never-tilled soils (104 AAOs per 9) than in

cultivated soils (105 M05 per 9). To characterize AAO population structure, we '

obtained simultaneous MPN counts for AAOs at various NH4-N concentrations,

an approach first used by Suwa et al. (1994). AAOs in never-tilled soils had 60-

fold higher recovery in MPN medium containing 10 ppm NH4-N than in medium

containing 2000 ppm NH4-N. Recovery of M05 in cultivated soils was only

twofold higher at 10 ppm NH4-N than at 2000 ppm NH4-N (Bruns et al., 1996).

Greater recovery of M05 at the lower NH4-N concentration suggests that a

higher proportion of M08 in never-tilled soils do not grow out in NH4-N

concentrations above 10 ppm (Suwa et al., 1994). This is consistent with the

apparent predominance in never-tilled soils of 16S rDNA sequences

representing less easily cultured AAOs (Figure 4.3).

Consistently observed differences in the properties of cultivated and

never-tilled soils (Table 4.1) suggest that these soils provided distinctly different

habitats for the development of AAO populations. An important environmental

factor affecting AAO numbers and activity is their supply of inorganic N in the

form of NH4-N (Robertson,1982). Inputs of inorganic N were higher for

cultivated soils than for never-tilled and successional soils. Cultivated soils at

the LTER site received 84 kg fertilizer N per ha when the plots were cropped in

corn and 56 kg N per ha when the plots were in wheat (Robertson et al., 1996).

The method of fertilizer application used at LTER (broadcasting of ammonium

nitrate) would result in higher concentrations of NH4-N being localized at the
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surface of the soil, due to rapid binding of NH4+ to soil colloids. Subsequent

incorporation of crop residues during moldboard plowing, as well as soil mixing

by disking and cultivating, would produce a more spatially homogeneous

distribution of inorganic N. The lower diversity of AAO 16$ rDNA sequences

from cultivated soils suggests that fertilization and disturbance have increased

selection for more homogeneous populations of AAOs. AAO populations in

never-tilled and successional soils may thus be more diversified as a result of

spatial heterogeneity in substrate availability.

, Another factor that affects the supply of inorganic N to AAO populations is

NH4-N uptake by heterotrophic microorganisms. Never-tilled soils have

significantly higher biomass C and bacteria per g of soil than cultivated soils

(Table 4.1). Thus, AAOs comprise a much smaller proportion of the soil

bacterial community in never-tilled soils, where they are outnumbered by

bacterial heterotrophs 364,000:1 (Table 4.1). AAOs are subject to less

competition for NH4-N by bacterial heterotrophs in cultivated soils, where they

are outnumbered 21,000:1. Lower fungal biomass in cultivated soils (D. Harris,

personal communication) would also result in less fungal competition for NH4-

N. Higher inorganic N inputs and less heterotrophic competition could thus

increase the supply of NH4-N to M05 in cultivated soils. These factors could

select for AAOs that favor comparatively higher NH4-N concentrations.

The cultural and molecular evidence that AAO populations were different

in these soils is supported by soil data indicating differences in nitrification

activity (Tables 4.1 and 4.7). Never-tilled soils in 1994 were characterized by a

higher mean concentration of NH4-N (10.5 pg per 9 soil) than cultivated soils,

which had a mean concentration of 2.6 pg NH4-N per 9 soil (Table 4.7). Never-

tilled soils had a mean N03-N concentration (0.5 pg per 9 soil) that was

significantly lower than the mean concentration for cultivated soil (3.9 ug NOa-N
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TABLE 4.7. Indicators of the effects autotrophic ammonia oxidizers may have

on nitrogen cycle parameters, measured in two replicate plots of cultivated,

successional, and never-tilled treatments (1994 LTER data).1

 

 

Measurement Cultivated soil Successional Never-tilled

soil soil

Mean N03-N concentration 3.9 (12.49) 0.4 (10.21) 0.5 (10.24)

(I19 per 9 5°")

Mean NH4-N concentration 2.6 (10.98) 3.8 (10.60) 10.5 (12.49)

(#9 per 9 8°")

Net nitrification in field 0.17 (10.10) 0.03 (10.5) 0.19 (10.15)

incubations (pg/g/day)2

Net nitrification in lab 0.35 0.18 0.29

incubations (jig/gIday)2

Net percentage of NH4-N 68% 30% 21%

converted to N03-N during

field incubations3

 

1 Measurements taken monthly from May through November, 1994. Means are

from measurements for two replicate plots, with n=14. Standard deviations for

the means are given in parentheses (KBS LTER Site Data Catalog, KBS LTER

home page on World Wide Web, http:/kbs.msu.edu/Iter/.

2 Field and lab samples were incubated for 21 days. For field incubations,

n=10. For lab incubations, n=2 (D. Harris, personal communication).

3 Percentage based on the net increase in N03-N after 21 days divided by the

sum of the initial NH4-N pool plus the amount of inorganic N mineralized during

incubation. Percentages were obtained from inorganic N measurements before

and after incubation (KBS LTER Site Data Catalog, KBS LTER home page on

World Wide Web).
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per 9 soil). Available data on net nitrification rates during field and laboratory

incubations of cultivated and never-tilled soils, however, did not show

significant differences (Table 4.7). Differences were observed, however, in the

percentages of total NH4-N pools (initial NH4-N plus NH4-N mineralized during

incubation) that were converted to NOa-N during the 21-day incubation period

(Table 4.7). Nitrifier populations in cultivated soils converted a larger

percentage (68%) of the NH4-N pool to N03-N, whereas populations in never-

tilled and successional soils converted 21% and 30% of the NH4-N to N03-N,

respectively. Nitrifier populations in the cultivated soils thus appeared to have

greater capacity to oxidize available NH4-N. This observation was consistent

with a predominance in cultivated soils of Nitrosospira spp. that were more

readily cultured in laboratory media. It was also consistent with the fact that

M03 in cultivated soils gave higher MPN counts than M03 in never-tilled soils

at 100 and 2000 ppm NH4-N.

MPN counts of AAO populations in never-tilled soils remained tenfold

lower than counts in cultivated soils, despite the fact that NH4-N levels in never-

tilled soils remained at around 10 ppm throughout two growing seasons (Bruns

at al., manuscript in preparation). One explanation for the apparent lack of

NH4-N consumption by these AAO populations is that the NH4-N was not

physically available in these soils. Never-tilled soils contained at least 1.5 times

more organic matter than cultivated soils (I'able 4.1). Biochemical interactions

between NH4+ and organic matter (Nommik and Vahtras, 1982) in the never-

tilled soils could have made the NH4-N unavailable for nitrification by AAOs (or

immobilization by heterotrophs.) Lack of disturbance in never-tilled soils could

also contribute to lower overall nitrification because of spatial discontinuities

between sites of bound NH4-N and locations of nitrifiers in soils.
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Another explanation for low AAO population size in the presence of NH4-

N could be that nitrifier populations in never-tilled soils had lower metabolic

capacities to oxidize available NH4-N than nitrifiers in cultivated soils. Belser

and Schmidt (1980) and Suwa et al. (1994) showed that different genera and

strains of MOS exhibited varying Km and Vmax values for ammonia oxidation.

Thus, AAO populations in never-tilled soils could be dominated by strains with

relatively low Km and Vmax values for ammonia oxidation. AAOs with higher

Km values, on the other hand, would be more likely to be selected in cultivated

soils that receive fertilizer N.

Finally, another cause for low AAO population size in the presence of

NH4-N could be inhibition of MOS by allelopathic chemicals from plants (e.g.,

tannins). This explanation was put forth by Rice and Pancholy (1972) in studies

on nitrification in soils from grasslands and climax ecosystems. However, other

studies have not detected phytochemical inhibition of nitrification (Barford and

Lajtha, 1992), so that this explanation remains controversial.

In conclusion, this study presents strong evidence that AAO populations

in fertilized, disturbed soils were less diverse than AAOs in unfertilized,

undisturbed soils. Our results also indicated that N-fertilization resulted in

distinct differences in the kinds of Nitrosospira sequences retrieved from soil

communities. In addition, we present preliminary evidence that the molecular

analysis results in this study were temporally and spatially reproducible over an

area of 1 km2. Further testing of greater numbers of replicate soils sampled

more frequently over longer time periods can confirm the reproducibility and

reliability of these techniques in analyzing in situ AAO populations. Microbial

ecologists have long suspected that different habitats harbor different microbial

communities. This hypothesis about microbial diversity, however, could not be

tested due to the inadequacies of cultural techniques. Our study shows that
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molecular techniques now available can be applied to the study of in situ soil

microbial diversity. This should facilitate integration of soil microbial diversity

into the development and testing of general microbial ecology concepts.
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A simple, rapid method for bacterial lysis and direct extraction ofDNA from soils with minimal shearing was

developed to address the risk of chimera formation from small template DNA during subsequent PCR. The

method was based on lysis with a high-salt extraction buffer (1.5 M NaCl) and extended heating (2 to 3 h) of

the soil suspension in the presence of sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide,

and proteinase K. The extraction method required 6 h and was tested on eight soils dilering in organic carbon,

clay content, and pH, including ones from which DNA extraction is dil‘icult. The DNA fragment size in crude

extracts from all soils was >23 kb. Preliminary trials indicated that DNA recovery from two soils seeded with

gram-negative bacteria was 92 to 99%. When the method was tested on all eight unseeded soils, microscopic

examination of indigenous bacteria in soil pellets before and after extraction showed variable cell lysis

eliciency (26 to 92%). Crude DNA yields from the eight soils ranged from 2.5 to 26.9 pg of DNA g", and these

were positively correlated with the organic carbon content in the soil (r = 0.73). DNA yields from gram-positive

bacteria from pure cultures were two to six times higher when the high-saIt-SDS—heat method was combined

with mortar-and-pestle grinding and freeze-thawing, and most DNA recovered was of high molecular weight.

Four methods for purifying crude DNA were also evaluated for percent recovery, fragment size, speed, enzyme

restriction, PCR amplification, and DNA-DNA hybridization. In general, all methods produced DNA pure

enough for PCR amplification. Since soil type and microbial community characteristics will influence DNA

recovery, this study provides guidance for choosing appropriate extraction and purification methods on the

Vol. 62. No. 2

basis of experimental goals.

 

Isolation of bacterial nucleic acids from natural environ-

ments has become a useful tool to detect bacteria that cannot

be cultured (11. 27), to determine the fates of selected bacteria

or recombinant genes under natural conditions (10, 19), and to

reveal genotypic diversity and its change in microbial ecosys-

tems (22). Many workers have attempted to increase DNA

yields from soils by using severe physical treatments such as

mechanical bead beating and sonication to lyse indigenous

microbial cells. Such treatments can shear DNA to sizes of 5 to

10 kb or less (11, 14). and in at least one study, the average

fragment size was 100 to 500 bp (17). Such DNA may not be

suitable for community analysis based on Taq DNA PCR,

because of the risk of forming chimeric products with smaller

template DNA (12). Because microbial cells may remain

tightly bound to soil colloids. soils high in clay or organic

matter pose particular challenges to obtaining high yields of

high-molecular-weight DNA. Most DNA extraction methods

have been tested on a limited number of soil types, so that their

general applicability is unknown for comparative ecological

studies.

Extraction of DNA from soils always results in coextraction

of humic substances which interfere with DNA detection and

measurement. This contamination can inhibit Taq DNA poly-

merase in PCR (18, 25), interfere with restriction enzyme di-

gestion (15), and reduce transformation efficiency (21) and

DNA hybridization specificity (19). Since humic substances are

difficult to remove. DNA purification is a critical step following

direct extraction to obtain DNA of sufficient purity.

Objectives of this study were to evaluate and improve DNA

‘ Corresponding author. Mailing address: Center for Microbial

Ecology, Plant and Soil Science Building. Michigan State University,

East Lansing. MI 48824-1325. Fax: (517) 353-2917. Electronic mail

address: 21394jmt@msu.cdu.

extraction and purification methods for speed and simplicity,

DNA yields. DNA fragment size, and applicability to a broader

variety of soils. We tested these methods on eight physically

and chemically distinct soils, including soils from which DNA is

difficult to extract and purify. We emphasized PCR amplifica-

tion in evaluating DNA purity because Taq polymerase is sen-

sitive to humic contamination and because PCR amplification

is a major use of extracted soil DNA.

MATERIALS AND METHODS

Soils. Eight soils were used to evaluate the efl‘iciency of DNA extraction and

purification procedures. Six of these soils had been selected from a global soil

collection (9) to represent a range of soil propenies (Table 1). The other two

soils. Native Kellogg (NK) and Cultivated Kellogg (CK). were obtained from the

National Science Foundation Long-Term Ecological Research site at Kellogg

Biological Station near Kalamazoo. Mich. NK and CK soils were from the same

soil series (Kalamazoo sandy loam. typic hapludalf). but CK soil has been cul-

tivated for the last 40 years while NK soil has been undisturbed. All soils came

from regions having predominantly luvisolic soils. as described under the Food

and Agriculture Organization Soil Classrftcation System (7). The six soils from

the global collection had been sampled between 5 and 30 cm in depth in 1993.

NK and CK sorls were sampled between 0 and 15 cm in 1993 and 1994. All soils

were kept on ice or stored at 4°C until they were tested in the laboratory.

Soil moisture contents were determined by drying at 110°C for 48 h. Particle

size analyses were performed by a modified hydrometer method. in which the

clay content was determined after 8 h (4). Carbon and nitrogen contents were

detcrmmed on oven-dried. ground samples in a Carlo Erba NA 1501) series 2

nitrogen/carbon analyzer (Fisons Instruments. Beverly. Mass). Soil pH was de-

terrntned in a slurry (5 parts dlstlllcd water. 1 part soil). Soil color was evaluated

by Visual examination in outdoor sunlight with Munsell color plates.

Bacterial strains and soil inoculation. Pseudomonas sp. strain 813 (S) was

used as the seed organism. Cells were grown to late exponential phase on M9

medium supplemented with trace minerals and 5 mM 3-chlorobcnzoatc and

resuspended in 2 ml of extraction buffer (see below) before being inoculated into

the soils. This cell suspension was mixed wlth sterilized soils. which were ob-

tained by autoclaving twrcc at 121°C for 60 min. Seeded soils were kept at room

temperature for 30 min prior to DNA extraction.

Etect of CIA! and PVPP on humic contamination of crude extracts. Hexa-

decylmethylammonium bromide (CTAB) and polyvinylpolypyrrolidone (PVPP)

have been used in previous studies to complex and remove contaminants from
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DNA (1. 10). Seeded NK soils were used to evaluate the eflect of CTAB and

PVPP in the extraction buffer on humic contamination in crude extracts. Soil (5

) was mixed vnth extractton buffer (see below) containing (i) no Cl'AB no

PVPP. (ii) 1% CTAB. no PVPP: or (iii) no CTAB. 2 g of PVPP. Soil suspensions

werethen processed by the extraction method described below. Spectrophoto-

meerit ”My", andA osw redetennined to evaluate levels of

proteinand humtc acid impurities. respectively in the crude extracts 14. 20).

S S—bascd D ccCTAB performed betterIn reduc-

Ing humic contamination. it was usedInthe bufler for sodium dodecyl sulfate

(SDSrbased DNA extraction Soilsarnlessof 5 g wereInIxed with 135 ml of

NA extraction bufier 00mM Tris-HCI [pH 80.11100 mM sodium EDTA [pl-i

8.0].100InM sodium phosphate [pH 80]. 15 M NaCl 1% CTAB) and 1(1) p.101

proteinase K (10 mgrml)In Oakridge tubes by horilzontal shakingwat225 rpm for

30 min rthe shalongtre.atmenr15m of 20% SDS d

the 5amp[les were Incubatcdin ”5°C water bath for 2 h with gentleend-over—end

inversions every 15m 20 min. supemaIaants were co ected ercentrifuga-

tion at 6.011) X gfor 10 mitt at room temperature and transferred into 50-ml

J - L Jr A e I

I D

oflhc extraction hulfer and 0.5 ml of 20"/! SDS. vortexing for 10 s. incubating at

65"Cfor 10 min. and centrifugingas before.Supernatants from the three cycles

ctIonsw dnda mixedwt han equal volume of chloroform-

iosoamyl alcohol (24: 1 vol/vol). Theaq eonsphasew rccoverbvcd centrifuga—

tion and precipitated witth 06 volumeof isopropanolasat memremperature for l

h. 11m pellet ofcrude nucleic acids was rained bycecentrifugatIona

g for 20 min at room temperature. washed with cold 70% ethanol. land resus-

pended in sterile deionized water. togive a finalvolume of 500 pl.

Cell lysis and LLCel lvstselicienq was estimated for

2&5recounts of soil smears (3) obtained

A extraction. 5 to 15

six of the eight soils by directracmicr

before and after the DNAex tBefore D

of soilwasblcndedIn a Waringbleriderfor1 min in 150 to 190 ml of sterile.

filtered (02 pm) deionizedwawa.Ier Theecoarse particles in the blended slurry

owed to settle for 1 min. and then a 10-ml subsamplew moved from

the upper portion of the surrvl to a lS—ml sterile tube. The

subsample was vortexed for 10 s. and 4- orI(I-IIJaliquots were removed for

smears. Each aiuolq wasevespreadninly rcle on a coated slid

(Cel--Line Associates. Newfield NJ.) and qulicldydried at 40°C. After DNA

extraction. smears werehpprepared from the remaining soil pellet and the pooled

Iatsn sampch subsample of soil pellet was reemcwetd

determine ther0moisture content. and the reima He was blended with

appropriate amounts of water to prepare smears. Before DNA was precipitated

and quantified from each supernatanL a loo-id subsample of the supernatant

ilured 1:miIn water to makessmears

aned smears were flooded with 10 id of a fluorescent staining solution con-

tainingm2 mgoof DTAFs [5-(4.6-dichlolrorriazin- 2-yl))amino fluorescein:Sigrn

Chem lo.C.Sl. Loui .Mo.)1 per ml of bulet (0.85% NaCla. 50 mM

Nazi-lli'O,I [pH 9.0)) (16). Hooded slides were held for 30min covered

container to prevent drying. The slides were rinsed bv'mmers on in freshbufler

thrtee times foor 20 In '

dried. Slides were stored in the dark at 4‘C for no longer than 48 h before

microscopicanalysis

The were examined with a 63X objective on a leitz Orthoplan 2

and a Leitz 13 filter

excitation filter. RKP 510beam splitter.and LP 515wss~uppre

device camera (Princeton instruments Trenton.

epifluorsescencem

block (8? 450490

sion filter). A charge-coupled

NJ.) was used ‘,' ‘ , , , w _

selected at random along two central transects (8). Images were transferred to a

Power Macintosh 7100166 via an ST135 detector/controller and GPfB interface

card (National Instruments. Austin. Tex) for display by 11’ Lab SpectrumImage

analysts software] (SignaalAnAnalytics V) Bacterial cells were

counted hyVi lexamination of images on the computer monitor. All counts

were obtainedsuby one investigator.

DNA

 

gnu- tive bacteria. The gram-positive bacteria used

for comparing cell lys'n methods wereIgrownNon tryptic soy agar at 37°C over-

nghl.“ 

in terms of DNA yield and fragment size: (i) grinding freezing-thawing. and

SDS: (ili) freezing-thawing annd SDS: andu(iidi) SDS. Cell pellc.tsdfrom purle cul-

Iures( .010m ls‘ml ')were with amorrta drepeel the

ofsterile sand and liquid nitrogenbefore additionofextraction bufler

—7(7"f‘ IndSDS.

hcaIIng until they boiled briefly. a total of three times; then the DNA was

extracted byfollowing a protocol similar to the one desertbed a.bove The DNA

yieldwas determined hotomerryl.

nua

of crude extracts were evaluated. One-tenthtoone--hfrh of the crude DNA

o
n

a
t

inrd PCR reps rI rcsln'

ii) double minicolumn (eluate from the firstrcslmmtco puri-

_ lied further‘with fresh resin and passage through another minicolumn); (iii)gel

 

{image of the excised and melted gel band through a Wizard minicolumn); and
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TABLE 2. Comparison of DNA yield and purity of the crude DNA

from seeded NK sod buhIECICd to ditlcrent treatments“

 

 

r DNA )IC‘dS liigig 14:..1'14‘ A: .1143.

TrLatment [dry th 111' V1111" {MINE-w I'I'itio"

No PVPP. no CTAB 17.1 1' U.‘) I I7 :1102 (1.73 211.113

(TAB. no PVPP l7 5 t l I 1.35 : 1.104 0.91 t (1.113

PVPP. no CTAB 10.931. 5 | 23 1‘ I105 [1.88 I 0.03

Pure culture 1.8“ 157

 

" NK soil was sampled In 109] .Ind stIIch u1-|"C lor I1 months.

" DNAyL‘Id: InIL‘an \‘esalu satand Id duiattoni w: L‘ determined

hvcIlluurometry The Iatios wctc calculat'eil from \DQL‘IIIIINKHIHHLII’IL‘ measure»

,II=1:

(ivi 'gel plus centrifugal (DrjlcclllrIIIOY.l-n1€ crude curaet was subiLctcd 111‘ 5:]

ch1.11 Int]
 

1 ‘kn II'NI llICD

 

[Epice IItrL- TecliimlogiLs MLILIIVH]. W11 Iby iol'luwinglthe rapid piotocol 111' IIIL‘

1c1ianul1icturer Nucle cac1d1 1erL the .nlicd .Intl conLcnIIatL‘d In .1 Cent

1311IAmIL‘I1n CIorp. BcVL‘ t.lv Mass I 1W

L‘Ihe nIIIIIciilumn CZIPLIL'IIV was limited to 1 ml 111 resin 11n|_\'a fraction (1.5

to I"nlll) o! the Cflllik‘ L'KtIIIL'I from 5 ELLIloil L‘LIIIILI be purified .11 i ltmc

larger-scale geusl-pl column purification pri1ch11r used In purity the more

clrudL thracts lrornS -g saniplLs 111 the 1:11:111test ~111111LcT‘n procedure emplI-Ied

Umlc6:1;1pcIIyLL‘Iilumn 11’11hn1W17ard Minipreps asmand Pa

r'Ific.IIIon rL\ nIPnIoI L- 1111]) hecauw IhL rLsIII'IIsLLIIn111L-mIIiIcoluInmcontained

.I I‘ll-iim- absorbing sul’vsIanLL|sIII. 11 1111turtL-red With schtroplIIItoIiIL'trIL‘ measure-

nc1 111111 DNA. eDNAw clutLd 1mm :hL resin iwIcc with "Itll III 111 hot

(711'(.1 Tfh-EDTACliuiier IIIr't'acilitatc IclepIv: 111 high IllI‘lCClllflT-‘VClghl DINA

11.ntification AILl sn1.111 -sL.Ilc

1111111ther1111111 :1 'I‘K II 11111.mLILII'lloL-lcr

Francnc .:.C1lif1 by following the en ‘

n111nulaLIu1L-r T111c 1111111mmLter 1111 Is cahhrIILd wuh herring spermmDN\1 131x111

111;er1.1LMIIInIIrn. Indianapolis. Ind) The D.A yIL-le were estimated on the

basis of “1.101151 tltiLc rL-pIIL“:tLIdc min.ations

DNA ‘alc pautiLauL 11 '

   

inansIIIc s of extiac 1.1 in :Iga my: we | hands In \L'InI n'cd I’L‘Ilaroid plIIit

CIIILIL' and final DNA extractx were \leICClk'Ll Ioelcctrophorlcscis111 lrIs-L‘L~

EDT\ (TAE) butler conIainIniJ (1.5 11g ol Clhldilllrll 111.111 epcr 1111 In 11.7%

agarose gel containing DNA \tat1dard1 oi 1 tot 111g 111' IL'InIdeI phage DNA

(BI IehIeringLr:M1m111:11 1n11.C1Ll photographs 11LrL \1:.1|111L‘I|w11h11Hewlett~l‘.tck.1rd

nJL- llL‘ anner. gencrzIting .Ii gItizLd 1m.ILLs 1111.11 \v‘rL'.In.1|\'ZL‘(I\vlllt 1Pl..'1h

Spectrum softwarre A stan .11rd cum 1 NA concentration (111 to SI) 11; 111

was prLLparedforI“each gel and

 

LdiInc'us we re performed WIlh .1

DNA .111le U 1.1n :ndtinuclcasc (BIIIIIHI. Ural tuiRl. 12cc

.YIIIIII In III 111 IIIIIIL‘ appropriate 1111 r .1\ pi( VILLILI "I 1111. m.'1nIIt:IL'11IrcI A11

IiIL‘IihatIIin tor I_ to Inh the DN\r1gniLnIsWLrL resolved 1111 1'

To ev1|IIatL DNA 11yhridiz..111on I) 5 ugt

CllOnCn

Iriiiislci'red to a (ieIIL‘SL‘LrL‘L-II Plus membrane (Dupont. H

hridi1111111n. hybridization. and wIslIngs w‘w L211mcI|I1uI .is dLsL‘thL-d preuously

(29.)A1LRamplihcd 1115- hp 11;Ignicnt 111 I111: LILD gene was used :11 Ihe pro

' RESULTS

Soil properties. The physical and chemical properties of the

eight soils used in the DNA extraction study were quite differ-

ent (Table I). Soils were classed as loanis sandy loams or

sandy clay loams. with clay contents tanning fromS

The WV soil had the highest organic C content. which ‘as

reflected in its dark color (chroma = 0), and the highest N

content. The ME soil had the lowest organic C and N contents.

the reddest color, and the lowest moisture content. The pH of

the soils ranged from 4,8 to 9.1.

Ell’ect of CTAB or PVPP on DNA extraction from NK soil.

When seeded NK soil was treated with different extraction

bull'ers. no dilferencein DNA yield was observed among treat-

ments with or without CTAB. Significant dilierences in DNA

yield did occur among treatments with or without PVPP (Table

2.) The crude DNA solutions from PVPP or CTAB treatments

were lighterIn color and had higher Amps”, and Ania/1...”

APPL. ENVIRON. MICROBIOL

ratios than did the solutions from treatments without PVPP or

(TAB (Table 2). Both CTAB and PVPP can effectively rL-

move humic materials. but unlike PVPP CTAB resulted in no

DNA loss. CI'AB and PVPP did not completely remove huInIc

compoundssince the/11Alm,/An" and/l .M/AW, ratios tor crude

olis were significantly lower than the ratios tor

DNA solutions from pure cultures (Table -1.

DNA extraction etliciency was determined by comparing the

total crude DNA obtained from a known cell density of sterile

seeded sOIl samples With the DNA extracted from the pure

culture, Crude DNA recoveries from seeded NK and CK soils

were 92 to 99%.

No significant differences in DNA yields were observed

when the crude DNA was allowed to precipitate in isopropanol

for I 11 or overnight, either at room temperature or at —2(1°C

Repeated extractions of the soil pellets were beneficial. since

small amounts of DNA were still recovered after the second

and even the third wash. depend ng on the soil (data not

shown). In the optimized method used subsequently. soil pel-

lets were extracted three times. Most of the soil DNA frag-

ments were larger than 23 kb and Similar in size to DNA

isolated from pure cultures (Fig. 1). These results suggest that

the extraction protocol did not cause severe shearing of DNA.

Evaluation of DNA extraction and cell lysis on more chal-

lenging soils. Crude DNA was extracted from eight unseeded

soils by the SDS-bascd method with CTAB, and mean yields

ranged from 2.5 to 20.9 ng of DNA per g (dry weight) of soil

(Table 3). The WV soil had the highest DNA yield. and the

ME soil had the lowest yield. Significant correlation was

observed between crude DNA yield and soil organic C content

I = 0.73. P = 11.01).

Lysis elficiencies of the DNA extraction procedure for six

soils were estimated by microscopic examination of soil smears

before extraction and 01 soil pellets and pooled supernatants

after extraction, No cells were found in any of the 1:20 dilu~

tions of the pooled supernatants. but cells were found in the

residual pellets (Table 4). Postextraction counts of WV. RU.

. T soils were significantly lower than preextraction

counts, indicating high lysis ethCIencies (67 to 92%). Two soils.

VH and ME. appeared to show poor lysis by this method.

Significant correlation was observed between cell lysis effi-

kb

I
o
n

 

FIG Agarose gel electrophoresis 111101.11 DNA c11I111'Ic1llIori1NK \1111 11y

diflevent treatments ‘Incs I HIIILil ll-L‘ut haLIL-rionli.1gL Ia mlxda molecular ‘llk'

markLII(|1.L5‘12 .pIIrc-L‘ultIIIL- DN.\\1111mi ['1\l' 111/111111111111 st" NITH" l "C"

5L111.-1.sterIIL0 soilpluB11.\'.111111s11:r11c 1111 DNA L111.11ch 1v11h111111"\l"l"1nd

UTA1111 new r1: \Ull DNA extracted 1111111 P\ Pl', 7. nunsienlc 5011 DNA

extracted|with Cl'AB
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TABLE 3. Crude DNA yields from eight soils and percentages of crude DNA recovered in the large-scale purification method involving gel

electrophoresis and passage through one Megacolumn with 10 ml of Wizard Minipreps plasmid purification resin

 

 

Soil Crude DNA yield‘l Final DNA yield‘l Crude yield Final yield 9% of crude

(ugx’g [dry Wt] of sail) (pg/g [dry wt] of soil) CV (9%)" CV (92)” DNA recovered

WV 26.9 I 6.5 20.1 I 5.0 24 25 75

BT 12.5 2 5.1 3.4 I 0.9 41 28 27

RU 13. I 2.3 8.4 t 2.8 17 34 ()1

NK 2|.6 : 5.1 12.0 I 1.3 24 11 56

CK 4.9 I 1.1 3.9 I 1.2 22 31 80

LP 5.7 1': 1.1 3.1 I 1.4 20 44 54

VH 3.0 I 1.1 2.3 i 0.5 35 22 77

ME 2.5 I 0.6 2.0 it 0.6 22 31 80

 

" DNA yields were estimated by gel staining. Yields are mean values (: 1 standard deviation) with n = 5. except for NK and CK soils. for which n = 6.

” 7V. coclficrent of variation.

ciency and clay content of the soils (r = —0.67; P = 0.01). Lysis

was also evaluated by comparing the maximum and minimum

expected DNA yields based on literature estimates of cellular

DNA content for soil bacteria (2, 23). DNA yields for soils

WV, RU, NK, CK, and ME were within the ranges of expected

DNA yields, but observed values for BT, LP, and VH soils

were below the minimum expected DNA yields (Table 4). By

this method of evaluation, the ME soil gave the expected

amount of DNA.

Comparison of dilerent methods for lysing gram-positive

bacteria. Since the SDS-based method may not have lysed

some gram-positive bacteria, we evaluated two more physically

severe cell lysis methods on pellets from pure cultures of gram-

positive bacteria. The DNA yield was two to six times higher

for most of the bacteria examined by the grinding-freezing-

thawing-SDS method than by the freezing-thawing-SDS and

SDS methods (Table 5). While a very small portion of the

DNA was sheared by the grinding-freezing-thawing-SDS

method, most of the DNA had a high molecular weight and a

similar size to the DNA from the freezing-thawing-SDS and

SDS methods.

Comparison of DNA purification methods with crude DNA

from NK soil. To evaluate DNA purity for enzyme digestion.

PCR amplification, and DNA hybridization, four purification

methods were compared by using portions of the crude extracts

from seeded and unseeded NK soil. Because of the small

capacity of the minicolumn used in these methods, only 1/10 of

the crude DNA extract from 5 g of soil was purified at a time.

All four purification methods resulted in complete removal of

the brown color from crude DNA solutions. DNA recovery

varied with diiferent purification methods. Higher recovery

was obtained with gel-plus-concentrator purification than with

column methods (Table 6). However, recovery by gel electro-

phoresis was more variable and depended on the size distribu-

tion of DNA fragments in crude extracts. In addition, loss of

DNA was greater for the first minicolumn purification (~20%)

than for the second minicolumn purification (~5 to 6%) (Ta-

ble 6). This suggests that humic materials in crude extracts

might interfere with DNA binding to the resin.

Restriction endonuclease digestion was possible only with

purified DNA. While all enzymes cut the DNA purified by the

gel-plus-minicolumn method, DNA resulting from single-mini-

column purification was only partially digested by most of the

enzymes (Table 6). DNA quality could be improved by a sec-

ond minicolumn purification, since the eluted DNA was di-

gested by most of the enzymes. While all of the purified DNA

samples were completely digested by BamHl, most methods

resulted in DNA that was only partially digested by HindlII

(Table 6).

Amplification of the 16S rRNA genes was successful when

DNAs purified by all tested methods were used as templates

(Fig. 2). No PCR products were observed with DNA from

TABLE 4. Direct counts and DNA yields for individual samples of eight soils

 

 

Soil Preextraction count/g Postextraction countjg % Lysis Expected DNA yield‘ Crude DNA yield"

(dry wt) of soil” (dry wt) of soil efiiciency" (ug'g [dry wt] of soil) (ugtg [dry wt] of sorl)

wv (9.7 : 0.6) x 10° (2.0 2 02)“ x 10" 79 15-50 33.5

BT (7.3 t 0.4) X 109 (5.7 1: 2.1)‘ X 10" 92 11-39 8.7

RU (6.9 1 1.1) X 10‘J (1.4 t 0.1)” X 10" 80 9-40 15.5

NK '. z . x 0° ' 'D 7— 19.6

CK 8.5 t 5.9; x 10" 2‘3 lilo 433; .9
LP (4.6 1' 0.5) X 10” (1.5 t 0.2)‘ X 100 67 7—26 4.6

VB (3.5 : 0.3) X 10" (2.6 I 0.4) X 10" 26 5-19 2.0

ME (1.3 t 0.1) X 109 (4.2 t 0.6) X 10° —" 2-7 2.3

 

” Mean count : standard deviation (two smears per sample).

” Determined from one sample of each soil and calculated from mean counts: [100 — (postextraction countr’preextraction count)] X 100.

' Range of expected DNA yield obtained by multiplying lower and upper limits of precxtraction counts (mean counts : 1 standard deviation) by low and high

literature values reported for cellular DNA content of soil bacteria (1.6 t‘g cell ' '. as reported by Bakken and Olsen [2]. and 5 fg cell " ‘. as suggested by Torsvik and

Goksoyr [23]).

" DNA yield from the supernatant associated with pellet used for the postextraction direct count. hie DNA yield was estimated by gel staining.

‘ Significantly diflerent from the preextraction count at the 5‘7: level.

1 ND. not determined.

" Not determined. since postextraction counts were higher than preextraction counts. Higher counts in ME soil following DNA extraction could have been due to

cell masking by soil particles in preextraction ME smears. because they contained more soil (1.1 mg em'z) than did preextraction smears from other souls (0.1-t to 0.7

mg cm 2). Bloem et al. (3) have recently recommended a maximum soil density for direct counts on loam soil of 0.8 mg cm‘ I to minimize cell masking by sorl particles.
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TABLE 5. Comparison of DNA yield from gram-positive bacteria" by different lysis methods

DNA yIL‘ld (tLEUIAi) from

Treatment

.4 plain/omits B ruh/r/u C. rr'mrlt' M lit/em R r-n'I/impulr's EuJQ Ben-ZR S lil‘lfllllll

Grinditig-freezmg-thawtng-SDS 0.47 U 33 0.40 0.22 0.23 0,19 0.26 0.37

Freczmgthttwmg S 0.13 0.1‘) 0.46 0.12 ND” ND ND 0.08

SDS 0.11 U. 1 fi 0.43 0.12 0.10 0.07 0.115 Ilei

 
“The grilm- positive bacteria are inlrrobuuur gInhi/mniir. Baal/us rirliIr/ir ('it/itte/Irltlentrrti rtvmh

strain Hm). Rim/1c:c'omtx sp.stratn Be n-18.4rid YlltplwtttcnrInn/mu The UN

"N e.d.not detc rnitn

crude extracts. No amplification products were detected when

target DNA sequences were not present in the reaction mix-

tures. A second set of primers (for the c/cD genes) was used to

further test for PCR amplification in parallel seeded soils. The

DNA templates purified by all methods produced the expected

product (data not shown).

DNA extracted from seeded NK soil was used to determine

whether the DNA purified by each of the four methods was

pure enough for Southern hybridization. Crude and purified

DNA extracts and DNA obtained from pure cultures of the

same strain were hybridized with the cch gene probe. Signal

intensitieswwere very similar between pure-c-ulture DNAe

tracts and purified soil DNA from each ot the four methods

(Fig. 3). Weak hybridization was observed for the crude DNA.

The DNA purified by all tested methods was pure enough for

Southern hybridization.

Evaluation of purification methods on crude DNA extracts

from more challenging soils. Small-scale purification methods

were also evaluated with crude DNA extracts from the six

global soils. Only the double-minicolumn and gel-plus-minicol-

umn methods resulted in complete removal of the dark color

from all six crude DNA solutions. The gel-plusconcentrator

method did not completely remove the dark color

WV and RU extracts. probably because of the high organic C

contents of these soils. Crude extracts from WV. RU, and NK

soils till contained greater amounts of highmolecular-weight

humic acids as observed during electroplioretic separation of

D A rom humic contaminants After e ectrophoresis excised

DNA bands could have contained such contaminants which

cannot be washed through concentrator filters with lower nio-

lecularweight cuttsoff

PCR amplification of the 168 rRNA genes was successful

with DNA purified by the gel-plus--minicolumn annd g-elp-lus-

concentrator methods. DNA urified by the double-minicol-

umn ethod was amplified in only four of the six soils (WV

and RU soils produced no PCR amplification), indicating that

TABLE 6. DNA recovery for different purification methods

an enzyme digestion ofthL' DNAAsamplcs

purrified from unseeded NKssoil

 
Digestion" by:

 

Purification Recovery"

'"°”'°" 1%) 131:"th Drul Ele EcnRV Hmdlll .Ylinl

Crude extracts 100 — — _ _

Column 80 (t : 2.1 + z z : ~ :

Column + column 74.5 : 3.8 + t + + 3 4.

Gel + ccntricon 91.4 t 7.5 + + : 4- : *

Gel + column 84.1: 7| + + + + + +

 
" Percentage of DNA recovvcrcd as measured by UV absorption compared

With DNA In crude extract_ l stttntlard deiiatto

” ‘, complete digestion; :. Incomplete digestionri; -_ no digestion.

.errumttm (rut-u t R/imlororrus mil/impolis. Rlimltxut'rut sp.

y\'le|ds were estimated by spL'Ltropliotontetry.

this method yielded DNA that was less pure. The DNA frag-

mentsfroom all soils were larger than 20 kb

A larger-scale gel- plus——column method was also evaluated

on these soils. The A“MM, and Amy/1.“, ratios of DNA

purified by the largescale method were 1.6 to 18 and >19.

respectively indicating that the DNA was ofgood quality. For

most of the extracts 01 Lil aliquots resulted in bettter PCR

amplificationethan did 1- tLl aliquots (Fig 4) eWV soil

extract still appeared to contain substances that interterled with

the reaction because no amplification was observwed il- LLl

aliquots. DNA fragments purified by the large--scale procedure

were all larger than 20 ltb (data not shown). However, the

large-scale purification method gave poorer DNA recoveries

(27 to 80%; Table 3) than the small-scale methods d.id Recov-

eries were improved slightly (6.g" from 53 to 75" for NK soils

and from ()8 to 85‘"r for CK soils) when DNA Cleanup resin or

Maxipreps Plasmid Purification resin (Promega Corp.w)as

used instead of the Minipreps resin The resin chotce may have

kb 1 234567891011

 

FIG 2 Agarose gel electrophoresrs til loS rDNA amplification products

d NK unl samples Lanes 1. Hmdl ll- ErnR indfromDNA fitmeL-Ld

Brmilll--cut ittctenoplmge lttntliiln molecular me markerr11 rig) .. C DNA

tract s .irid 4 unnltlitid 1 nd 11) ’dtlu tcd (41--ti ) DNA extracts

putiliLd by LI plus centrifugalLonxiitralor; 5 and (i. undiluted (RS-rig) :tndEh

10 'dilutcd (\ S-nrig) DNA (tracts purified by: . r and 5.

undiluted (311- rig) and 10’ -di|nlcdt lln NA extracts purified by single

minicolumn 9and 10 undiluitrl (25‘ iig) utid lll"- iluted (Zn'vng) DNA ctr

tracts purifiedcby two \uCL‘L'SStVC minicolumn). ll reaction mixture only wrtliout

DNA mlap

cl plus mll’llClVillmn'
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Id) 1 2 3 4 5 6 7

d

157“

55 .. fl

as

3 Autoradiogram of hybridization signals with the :5ch gene after

Sou rn transler ofrDNA from seeded slertlc N

bacteriophage lambda molecular size marker (1 ug): 3. pure-culture DNA 3.

entcid DNA exit:ICL\. 4, DNA extracts purified by gel electrophoresis plus cen-

trifugal Lonccntraior 5 DNA cxxiracts pititilied by gee1 electtrophorcsis pliis col-

umn (i. DNA extracts purified by single column. 7 DNA extracts purified by

double coluurini

to be optimized when recovery of large amounts of DNA is

important.

DISCUSSION

We divided the problem of DNA recovery from soil into two

component methods. i.e.. (i) cell lysis and extraction of crude

DNA and (ii) purification of crude DNA. since there are ad-

vantages in combining different lysis and purification methods

for different cases. The component methods were first devel-

oped on a standard soil (NK) and then tested on a set of more

challenging soils. Three evaluation approaches were used to

determine whether the SDS-based extraction method recov-

ered most of the bacterial DNA. i) DNA recovery efficiency

from seeded bacteria in a standard soil; (ii) lysis efficiency of

indigenous bacteria in more challenging soils; and (iii) com—

parison of crude DNA yields with expected DNA yields.

The SDS-based extraction method resulted in 92 to 99%

recovery of the DNA from bacteria added to soil. These effi-

ciencies were comparable to or higher than those obtained by

other laboratories (6. 21). This first approach to evaluating

DNA recovery, however. can overestimate extraction effi-

ciency. because indigenous bacteria may be more difficult to

lyse than seeded bacteria. When we determined net losses in

indigenous cell counts after extraction, lysis efficiencies varied

from 26 to 92% among five test soils. The variation in cell lysis

apparently reflects differencesin soil characteristics and bac-

terial community composition (i.e.. soils exhibiting low cell

lysis may have contained higher proportions of gram-positive

cells). Crude DNA yields from the SDS-based extraction

method agreed reasonably well with expected yields based on

direct microscopic counts. We compared each experimental

yield with a range of expected yields. rather than a single value.

because of the uncertainty regarding the choice of an average

cellular DNA content for soil bacteria

SDS has been the most widely used cell lysis treatment for

DNA extraction from puure cultures. soils. and sediments.

Trevors et a1. (24) found that the SDS-based cell lysis protocol

provided the highest DNA yields in comparison with freeztng-

thawing and Sarkosyl-based lysis protocols. More et a1. (13)
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showed that the percentage of indigenous Cells remaining after

SDS treatment of a sediment (13%) was lower than the per-

centage of cells left after 10 min of bead milling (26%). Our

results indicated that SDS-based cell lysis. in combination with

high-salt treatment and heating. was e ective for most of the

soils but appeared to be influenced by clay content and was not

effective for at least some gram-positive bacteria. Thus. for

soils exhibiting poor cell lysis or studies depending on extensive

sampling of gram-positive DNA. other lysis treatments or comA

binations of treatments could be considered. Combining SDS

with bead mill homogenization resulted in higher cell lysis

efficiency for Baal/us endospores (13). However. bead mill

homogenization and other phystcal methods such as sonication

generally cause severe DNA shearing (ll. 14). Our results

showed that the combination of grinding. freezingthawing.

and SDS resulted in much higher DNA yields from most of the

gram-positive bacteria but without severe shearin

Although DNA purified by all methods could be amplified

and hybridized some variation in DNAAuprity was observed

with respect to restriction enzyme digestion (Table 6). The

gelplus-minicolumn method appeared to result in the purest

DNA. because the DNA was completely digested by all en-

zymes examined; the method also provided good recovery with

the standard soil. However. the largebscale gel-plus-column

method gave variable DNA recovery from crude extracts from

other soils. Single— or double-minicolumn purifications ap-

eared to give DNA which was incompletely digested and less

suitable for PCR amplification. as well as having lower recov-

ery efficiency. Single. or double-minicolumn methods, how-

ever, were very rapid and less expensive.

The gelAplus-column method gave very pure DNA. while the

gel-plus-concentrator method gave the highest recovery. The

latter method. however. may not remove all humic contami-

nants from crude extracts of soils with low chromas (0 or 1).

because these soils appear to contain higher proportions of

high-molecular-weight humic acids. 1f gel-plus-concentrator

 

HO. 4 Agarosegel electrophoresis of 165 rDNA amplification products of

DNA iemplfro ifs purified btythe lirgeexcilc proctdure. Lani: s: i

HiridlllELan. and HartiHl-cut bacteriophage1.imbxl.iniolcc.:ilir ~th marker (1

ugh! and 3. undiluted (15‘ ng) anrid lll 'dilttLdi113T c.1racts. 4 .in l i

undiluted (21) rig) and 10 ‘-diluti:(l (Ill- rig) LP extracts t .inid

(ind It) ' diluted (ll K5ng) ME extirictx; 5 IN”indilutLd (Jri- rig) and

inn"diiuicdtir-i rig) RU-mam 1') int! ii. lilldlluled isnn') mil in ' Illtlla

(lid rig) VH extracts; 12 and 13 tllldllllllcd Idll rig) innd ll) '-di|ulcd (4- ng)W

extracts; 14 re.tLiion mixture only wrihoui DNA thpI.tLt
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purification is used on these soils. concentrator units with the

highest-molecular-weight cutoffs should be used. because some

humic acids have molecular weights of 100,000 or greater.

Larger-scale gel-plus—column purification can provide larger

amounts of DNA but is more expensive. requiring additional

agarose and DNA-binding resin.

In summary, the DNA extraction and purification methods

evaluated here are simple, rapid, and efficient for most soils

and purposes. DNA could be extracted from eight soil samples

in 6 h by the SDS-based method. Because of the gentle nature

of the extraction treatment, the DNA fragment size in crude

extracts was >23 kb. DNA purification required 2 to 4 h for the

single- or double-column method. 8 to 10 h for the gel-plus-

column method. and 12 to 14 h for the geLplus-concentrator

method. If DNA purity is of the greatest concern, we recom-

mend gel—plus-column methods. It is also important to recog-

nize that no single method of cell lysis or purification will be

appropriate for all soils and experimental goals. The basic

methods suggested should be appropriate for the more com-

mon cases. but different combinations and modifications of

lysis and purification protocols will probably be needed for

some conditions.
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