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Abstract 

A web-accessible database called EdIRT (Edaphic Indicator Research Tool) was 
designed and implemented to use microbial indicators as a method to assess soil 
ecological health for sustainable forest management. This expanding database of 
microbial genetic sequences provides information on many diverse measures of 
environmental data and will allow researchers to investigate responses of the microbial 
community to disturbance throughout many different ecosystems. The database prototype 
was developed using commercial software (MS Access), with regular migration to an 
open-source version (MySQL). In order to enable future web access and searching of 
genetic sequences, a browser-accessible interface was developed for the MySQL version 
of the database using PHP. For each unique indicator, the database is designed to catalog 
source information, genetic features (DNA sequences, RNA signals, PCR conditions, 
etc.), biochemical and physiological attributes (PLFA profiles, CLPP profiles, enzymatic 
profiles, etc.), and functional significance (forest type, disturbance or site characteristics, 
abundance, frequency and clarity of signal, etc.). With sufficient information, the 
database is designed to contrast submitted indicators with banked indicators, ranking 
similarity with possible matches to form an overall profile. The ultimate target audience 
therefore includes soil researchers, and the ultimate end users include forest managers 
throughout Canada.  EdIRT now comprises a relatively modest dataset of about 100 DNA 
sequences corresponding to microbial indicators of site productivity and tree loss.  These 
indicators were detected via molecular methods (PCR-DGGE).  Although the size of the 
current dataset is currently relatively modest, further expansion will allow for increased 
utility of the dataset in validating forest soil conservation guidelines, in B.C., Canada, and 
throughout the world’s forests.
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Development of a microbial indicator database for validating measures of 
sustainable forest soils  
 
Introduction  

Soil fertility is a prerequisite for sustainable forest ecosystems. One way to 
measure soil fertility is to simply measure the amount of available nutrients (N, P, K, 
etc.).  This approach takes a kind of ‘snapshot’ of soil status, and it is a reasonable 
method for assessing general soil conditions at a point in time.  Other indicators such as 
soil moisture, bulk density measurements, etc., can be helpful in determining the extent 
of disturbance impacts and some underlying mechanisms of disturbance.  These 
approaches are relatively low cost, and they provide some immediate answers concerning 
soil conditions.  However, they do not necessarily demonstrate sustainability, because 
they do not reveal underlying mechanisms controlling the dynamics of nutrient cycles vs. 
disturbance, nor do they necessarily predict soil status in the long term.  For example, 
sites with low available soil nitrogen might or might not have a problem with soil 
fertility, depending on the long-term rate of N-fixation and net N-loss due to 
denitrification.  Likewise, sites with good nutrient availability at early stages of 
succession might not remain that way; if the diversity of key microbe communities is 
reduced, their function at later stages of succession may be impaired or degraded.  Thus, 
questions remain concerning the long-term impact of various types of forest disturbance, 
including forest management practices such as variable tree retention and clear-cutting.   

Soil microbes (bacteria, fungi, and protista) are much more prevalent than other 
potential indicators, in some cases approaching 10,000 species/g (Chatzinotas, 1998).  
Microbes are a very attractive measure of soil health because they are the drivers of key 
soil nutrient processes.  Soil microorganisms are challenging to monitor; only about 10% 
of soil bacteria are culturable, and yet the bulk of nutrient cycling processes such as N-
fixation occurs in the so-called ‘unculturable’ fraction. However, advanced molecular 
profiling methods are now enabling us to catalogue and understand the functional 
behavior of these communities. The effort to catalog microbial indicators in forest soils 
generally has a two-fold purpose:  to understand nutrient cycle dynamics and to monitor 
the health of forest soil over time using molecular tools.  

Although published results from current and past studies will result in shared 
information, there is still a need to gather the information to one common point of 
reference, to increase the power of analyses and improve the long-term prospects for 
practical extension of results (e.g. validation of soil indicator methodologies). Many 
published studies report proxies of microbial diversity, such as phyologenetic trees and 
multivariate analysis of soil communities, often without reporting detailed environmental 
and biochemical data from sampling sites. The aggregation microbial DNA sequences 
and the conditions from which they came, and the ability to filter these data based on 
selected environmental criteria will be of benefit to researchers and forest managers 
seeking to understand the underlying biological indicators of ecological health. We 
developed and tested a database to expedite the use of microbial indicators in validation 
of soil health measurements for sustainable forest management.   

The long-term objective is to validate forest soil health measures using microbial 
indicators of common soil disturbances and key functions. The objectives of this project 
were to i) develop a microbial indicator database using MS Access; ii) develop a PHP-
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based interface for database query and data deposit; iii) facilitate the inclusion of extant 
indicator knowledge (PFC, UBC, other sources) in the database; iv) develop software 
(e.g. Access VBA) for indicator analysis using the database; and v) test the database 
using various soils and forest types.  
 
Materials and Methods  
 
Field Sites and Soil Sampling  

Soil sampling for microbial screening was conducted at a number field sites 
located on Vancouver Island, British Columbia, Canada.  Samples assayed in the 
Shawnigan Lake and Sayward Forest Level of Growth Stock (LOGS) installations - 63- 
and 61-year-old second-growth Douglas-fir plantations, respectively. At Shawnigan 
Lake, sampling took place in 0.5 ha second-growth forest plots including organic and 
mineral soils from control, highly (90%) thinned (35-year impact), and recently clear-cut 
plots in 58-60 year-old Douglas fir (Pseudotsuga menziesii) forests with both high and 
relatively low productivity to compare the microbial community in soil under various 
levels of impact and forest management. Samples from thinned transects and vegetation 
management plots near Stillwater, B.C. have also been assayed. The vegetation 
management plots contrast the application of a bioherbicide (Chondrostereum 
purpureum) with chemical herbicide or manual brushing treatments to control 
salmonberry.  

 
Soil DNA extraction  

DNA was extracted using the MoBio UltraClean Microbial DNA Isolation Kit 
(MoBio Laboratories Inc. Carlsbad, CA, U.S.A.) with modification to the manufactures 
protocol to remove forest soil humic substances that co-extract with DNA. 260 µl of 1x 
Tris-EDTA (TE) (pH 8) buffer was added to the post-extracted DNA with 40 μl 
ammonium acetate buffer and 6 μl of linear polyacrylamide co-precipitant to aid alcohol 
precipitation of DNA (Bioline Ltd., London, UK). The mixture was incubated at room 
temperature for 15 min and centrifugingd at 12500 rpm. The DNA pellet was isolated and 
washed with 70% EtOH, followed by a second centrifuge step. Pellet was air-dried and 
suspended in 50 μl TE. DNA was stored at -20oC prior to PCR.  
 
Microbial Screening and DNA Sequencing 

PCR amplification and DGGE analysis were performed using oligonucleotide 
primer sets described in Table 1. Following amplification, PCR products were subjected 
to DGGE analysis to determine the diversity of the nifH sequences amplified by the PCR 
reactions and to isolate divergent DNA sequences based on GC base-pairing. DGGE was 
performed using the BioRad (Hercules, CA, U.S.A.) universal mutation detection system 
with at 6% (w/v) acrylamide/bisacrylaminde stacking gel with no denaturant and a 
separating gel of 8% polyacrylamide with a denaturing gradient (urea and formamide) of 
35-65%. Gels were stained for 20 min in 1x TAE with SYBR Gold (Invitrogen Corp., 
Carlsbad, CA, U.S.A.) and documented using the Syngene Chemigenius Bioimaging 
System (Cambridge, UK). DGGE bands were removed from the polyacrylamide gel 
using a sterile scalpel on the bioimaging system. Bands were deposited into 160 µl sterile 
dH2O and a freeze-thaw cycle was used to physically disrupt the gel as described in 
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Bäckman et al. (2004). DNA was re-extracted from the disrupted gel and sequenced by 
Macrogen Inc. (Seoul, Korea). 
 
 
Table 1. Primer sets and functional targets used for PCR-DGGE analysis of soil microbial 
communities. Post-DGGE DNA extracts were sequenced and added to the EdIRT 
database.  
 
Primers Functional target(s) Reference 
16S – actinomycete 
specific 

Multiple functions including N-
fixation 

Heurer et al. 1997  

16S – Paenibacillus-
specific 

“ A. da Silva et al. 2003 

16S – N oxidizer specific Nitrification  
16S – CTO β-subgroup  Ammonia oxidizers  
amoA  Autotroph. aerobic ammonia-

oxidizers 
Stephen et al. 1999  

nif H – nitrogenase 
(universal, Azosprillum, 
Azotobacter, 
Herbaspirillum) 

Nitrogen fixation Bürgmann et al.  2004 

nirK - nitrite reductase  Denitrification (Diversity > nirS) Chénier et al 2004.  
18S – fungal specific Multiple functions e.g. 

mycorrhizae 
 

ITS1F Ectomycorrhizal basidiomycetes Gardes & T Bruns. 
1993 

NLB4 “ Smit et al. 2003 
 
 
Database development  

The database was developed using Microsoft Access database software and the 
database is stored as a MySQL 5.0 library of tables that can be accessed through an 
Apache 2.0 HTTP Server through a PHP-based interface. For each unique indicator, 
EdIRT was designed to catalog source information, genetic features (DNA sequences, 
RNA signals, PCR conditions, etc.), biochemical and physiological attributes (PLFA 
profiles, CLPP profiles, enzymatic profiles, etc.), and functional significance (forest type, 
disturbance or site characteristics, abundance, frequency and clarity of signal, etc.). The 
database was developed to compare a number of different molecular and culture-based 
community profiling techniques. A description of molecular techniques used to generate 
microbial indicator data can be found in Table 2.  
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Database testing  
 
The database was analyzed at three different levels. Indicators already in the database 
were analyzed with standard statistical methods to determine the degree of correlation 
with other indicators, with respect to both functional properties and taxonomic 
relatedness.  At a second level, indicators detected in various soil samples were compared 
with the occurrence of similar indicators in the database, using an oligo (35-mer) 
microarray constructed from the DNA oligo sequences in the database.  Briefly, 
sequences from DGGE analysis (1 primer set, e.g. 16S rDNA) were compared for areas 
of divergence, and we searched for 35 nucleotide contiguous sequences in divergent areas 
to obtain sequence-specific oligomers.  The oligomers were checked for cross-reactivity, 
hairpin formation, melting temperature, and the 35-mer sequences making it to the final 
stage were synthesized (IDT), and spotted (BRI, Montréal) on a microarray slide [1 slide/ 
DNA sample].  Cy-5 labeled DNA from new soil samples was placed on the slides, 
hybridized over-night, then washed off.  Fluorescent spots indicating matching oligos 
were detected with a laser microarray scanner.  Sequences included in the microarray 
included 16s targets (corresponding to, e.g., Paenibacillus polymyxa strain GBR-462, 
Bacillus chitinolyticus, Azotobacter vinelandii DSM576, Rhodococcus polyvorum, 
Stenotrophomonas sp. FL-2, Paenibacillus hongkongensis, Luedmannella helvata, 
Frankia sp.) and nifH targets (corresponding to, e.g., Azospirillum brasilense, 
Methylocystis sp. LW2, Methylobacterium nodulans, Burkolderia cepacia, Azorhizobium 
caulinodans, Bradyrhizobium japonicum  This approach provided a measure of database 
coverage for particular indicator types. 
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Table 2. Molecular techniques used to generate microbial indicator data. For EdIRT, the 
data generated from these techniques can be stored and compared to provide broad, 
multi-level microbial indicators of ecological functioning, biodiversity, presence of 
contaminants and ecosystem health.  
 
Technique Indicator Reference 
PCR-DGGE using general 16S 
– eubacterial primer 

Bacterial genetic 
diversity 

Leckie et al., 2004a,b; McCaig et 
al., 2001a,b 

PCR-DGGE using ITS1F, ITS4, 
ITS1FGC, ITS2 primers 

Fungal genetic 
diversity 

Anderson et al. (2003); Anderson 
and Cairney 2004 

Phospholipid Fatty Acid 
(PLFA) profiling 

Bacterial & fungal 
biomass and 
community structure 

Grayston et al. 2001a, 2004 

Community Level Physiological 
Profiling (CLPP)  

Microbial activity (C-
cycling) 

Grayston et al. 2001a, 2004; 
Grayston & Prescott 2005; 
Campbell et al 2003 

Soil enzyme analyses Microbial activity (C, 
N, P-cycling) 

Grayston et al. 2001b; Saiya-Cork 
et al. 2002; Marx et al. 2001 

PCR-T-RFLP of nif H – 
nitrogenase  

Nitrogen fixation Widmer et al. 1999; Poly et al. 
2001; Zehr et al. 2003 

PCR-T-RFLP of nosZ - nitrite 
reductase  

Denitrification  Scala & Kerkhof 2000 

PCR-T-RFLP of amoA Autotroph. aerobic 
ammonia-oxidizers 

Bruns et al. 1998; Norton et al. 
2002 
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Results  
 
Interface  

The web-based interface was written using a combination of HTML, CSS and 
PHP languages. The HTML provides the basic structure of each page, while CSS 
provides a common design that is easily updated independently of each separate page. 
The PHP language allows server side functions by interacting with the MySQL database 
program. This scripting language allows dynamic queries that are inputted by a web-user 
to interact with data in a separate database. The primary web-based interface file, 
edirt.php, is able to call all other PHP interface files. The edirt.php file coordinates the 
overall pattern recognition algorithm for microbes (PRAM) (Figure 1). When the PRAM 
is activated, edirt.php calls sequencesearch.php, which in turn calls the file functions.php. 
The file, functions.php, contains the PHP functions that perform pattern recognition 
algorithms on the inputted and available sequences. The “gold-standard” of sequence 
matching algorithms are those used in the discontinuous megaBLAST program 
(http://www.ncbi.nlm.nih.gov/blast/megablast.shtml). Our PHP-based functions use the 
Boyer-Moore algorithm that is used by NCBI discontinuous megaBLAST searches. This 
algorithm calls up known DNA sequences and compares it to an inputted unknown 
sequence. For each known sequence base-pairs are compared starting with the 5’ end; the 
algorithm skips ahead each time it reaches a non-matching base-pair. The process is 
repeated and a score based on sequence similarity is obtained. Returned sequences are 
retuned based on a percentage ranking and results are returned for each specified table.  
 

 
 
Figure 1. Major relationships of EdIRT PHP interface  
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Database 
EdIRT has a total of 37 tables of which there are 29 main tables, 6 sub-tables, one 

linking table and one table of soil sub-groups that was too large to fit into a drop down 
menu in the interface. The table descriptions (Table 3). provide background information 
on the data in the tables and an overview of how the data is organized including how 
some of the tables are linked and where there are drop down tables. The table attribute for 
which the drop down table is linked to will have a superscript number that corresponds 
with the number listing the drop down table.  Drop down boxes are used to list values for 
a user to choose from in the form of a list. The field in the main table is linked to the drop 
down box and will have an arrow tab to indicate there is a drop down box. The drop 
down box only lists predefined value options without giving the user the option to enter 
new values. The value chosen by the user from the drop down box is stored in the main 
table record. This is different from other table relationships where a common number 
field links records in different tables, but the fields of records in both tables require data 
input. The database is currently populated with 105 sequences from three different gene 
types (Eubacterial 16S, Paenibacillus-specific 16S, Actinomycetes-specific 16S and 
nifH) collected during field sampling on Vancouver Island. 
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Table 3. List of main tables in EdIRT database. Sub-tables are specified where 
applicable. Note that not all tables and data-fields are required. 

      

List of Main Tables Table Description  Data Fields 

      

1.     CONTACTS 
Technicians, scientists, research associates or other 

persons involved in contributing to the database 
 

7 

2.     INSTITUTIONS 
Data about the institutions, groups or labs who 

have contributed data to the database 
 

10 

3.     PUBLICATIONS 
Publications associated with experimental data in 

the database 
 

6 

4.     AUTHOR Authors of published articles 
 3 

5.     CULTURE 

Cultures created from soil sub-samples including 
microbe type, culture method and culture 

composition 
 

6 

6.     PRIMER Primers used for microbial identification methods 
 8 

7.     SEQUENCES 

Sequences from experimental results of PCR 
DGGE analysis - sequences submitted must be 
submitted and accepted by NCBI and have an 

accession number before entering into the EdIRT 
database 

 

9 

8.     TAXONOMY 
Proposed taxonomy of identified microorganisms 

and sequences 
 

13 

9.     results_BIOLOG 

Results of BioLog experiments  - 1 sub-table 
(Sub_BIOLOG ) describes carbon source (2 sub-

table data-fields) 
 

13 +2 

10.  results_ENZYME 

Results of microbial enzyme assays - 1 sub-table 
(SubENZYME)  contains the enzyme name and 

the sequence ID (2 sub-table data-fields) 
 

12+2 

11.  results_MCRARRAY 
Microarray results are contained in a main table 

and a sub-table (SubMCRARRAY; 4 data-fields) 
 

9+4 

12.  results_MCRB_BIOMASS 

Results of the microbial biomass carbon 
measurement as done using a chloroform (CHCl3) 
fumigation- potassium sulphate (K2SO4) extraction 

technique 
 

14 

13.   results_PCR 

Results of PC-based analysis (qPCR, DGGE, T-
RFLP, ect.)  - 1 sub-table (subPCR) provides 

additional analysis details) 
 

11+9 
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14.  results_PLFA 

Results of Phospholipid Fatty-acid Analysis - 1 
sub-table (subPFLA) contains 3 additional data-

fields 
 

10+3 

15.  results_SIR 

Results from experiments using Substrate Induced 
Respiration or catabolic profiling plates (1 sub-

table: subSIR) 
 

14+3 

16.  results_GENERIC 

Generic results table for experimental methods that 
do not yet have their own results table in the 

database 
 

12 

17.  SAMP_INVENTORY 
Sample and the conditions under which soil 
samples are taken, transported and stored 

 
16 

18.  SUBSAMP_INVENTORY Sub-samples taken from a main sample 
 12 

19.  SAMP_SITE 

Definition of a sample through a record of the 
physical, chemical, ecological and climatic 

conditions of the location under which samples are 
taken 

 

10 

20.  SAMPSITE_DESCRIP Description of a sample site 
 14 

21.  LRG_TREE_COMP 
Top ten large tree species in the sample site based 

on percent occurrence 
 

8 

22.  UNDERFSTOREY_COMP Under-storey vegetation includes bushes, shrubs, 
and herbs 8 

23.  SITE_ORIGIN Origin of vegetation on the sample site 
 6 

24.  SITE_TREAT Treatments that the site has undergone 
 6 

25.  SITE_DISTURB The disturbances at the site 
 6 

26.  SAMP_MICROSITE 
The sampling micro-sites within the larger sample 

site 
 

19 

27.   CONTAMINANTS Description of contaminants on site 
 5 

28.   FUNGI_COMP Details of catalogued fungal species 
 7 

29.   BACT_COMP Details of catalogued bacterial species 
 7 
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Internal correlation of indicators and Pattern Recognition Algorithm for Microbes 
(PRAM)  

 
PCA of DGGE banding patterns show that clear-cutting, field site and forest floor 

layer all affect nifH diversity, with the greatest reduction occurring in clear-cut organic 
layers relative to old-growth mineral soil layers. Taxonomic analysis showed that the 
primary nifH bands in our DGGE are related most closely with Azotobacter-type Fe 
dinitrogenase reductase genes. (Fig. 2) 
 

 
 
Figure 2.  Phylogenetic inference cluster analysis based on nifH converted amino acid 
sequences.  The percentage of 100 bootstrap samples that supported each branch is 
shown. 

 
The Pattern Recognition Algorithm for Microbes (PRAM) has been validated 

relative to the “gold-standard” NCBI discontinuous megaBLAST. When tested against 
the NCBI query, EdIRT was able to generate the correct full sequence based on the 
submission of a partial test sequence. EdIRT also returned from 21-84 additional 
sequences that showed some level of homology to the target sequence, scoring between 
80.8-78.9% homology (high) to 22.0-10.9% (low). Repeated testing confirmed that the 
PRAM developed for EdIRT using PHP functions returned correct sequence matches no 
differently than a NCBI discontinuous megaBLAST query. 

 
In the microarray tests, we found that 28 of 46 oligomers hybridizing with soil 

DNA were ubiquitous with respect to sites with different productivity levels, disturbance 
levels, and seasonal sampling points.  On the other hand, 9 of 46 oligomers hybridizing 
with soil DNA were seasonally variable across plot type and site, and 4 of 46 oligomers 
hybridizing with soil DNA were variable among sites.  These results indicate that the 
microarray was much more sensitive than PCR-DGGE, which might be expected because 
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PCR can have variable efficiency with respect to different target DNA sequences.  Three 
of the 46 oligomers proved to be robust indicators, hybridized with only with soil DNA 
from clear cuts at both Shawnigan Lake & Sayward.  (Table 4). 

 
Table 4.  Results from microarray analysis of microbial sequences contained in E-dirt 
versus repeated sampling from LOGS plots at Shawnigan Lake, B.C. (low productivity) 
and Sayward, B.C. (high productivity). 

 
 
    Spring 2005 Summer 2005 Fall 2004 

    Clear cut Control Clear cut Control Clear cut 

Seq. BLAST-
suggested 
identification 

Shwn. 
Lake 

Sayward Shwn.
Lake 

Sayward Shwn.
Lake 

Sayward Shwn. 
Lake 

Sayward Shwn.
Lake 

Sayward

S006 Paenibacillus 
sp. 

0 0 0 0 1 1 0 0 1 0 

S042 Uncultured 
Intrasporang-
iaceae 

0 0 0 0 1 1 0 0 0 0 

N017 Uncultured 
N2 fixing 
bacteria 

1 0 0 0 1 1 0 0 0 0 
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Discussion 
 
The results from the microarray tests reveal that about half of the putative indicators 
placed in E-dirt are actually ubiquitous, and that the other half are either variable or 
robust indicators of various forest soil conditions.  This finding validates the need to 
catalogue multiple indicators for future monitoring efforts.  As future studies attempt to 
validate forest soil protection guidelines, the best approach for monitoring microbial 
indicators may be to build EdIRT-supported microarray assays particular to the forest 
type in question.  Certainly, the variability of many of the indicators should lead to the 
evaluation of multiple indicator profiles, rather than singular ‘magic bullet’ indicators.  
On the other hand, indicators from other forest types may follow the trend noted in the 
DGGE analysis, where a large number fall within a particular taxonomic cluster (e.g. 
Azotobacter for nitrogen-fixers).  This has implications for the scope of efforts needed to 
ensure applicability of the database for other forest types.  If the trend holds true as other 
forest soils and conditions are assessed, it may be less difficult to apply the database in 
other situations.  Although soil microbe communities are very diverse, they also appear to 
share similarities across large geographic distances.  It may be that some indicators will 
serve well as proxies for closely related indicators in other soil types.  Further tests are 
needed to clarify the distribution of indicators and related species in other forest soil 
types, and in the same Douglas-fir forest type under other disturbance conditions (fire, 
pest control, soil compaction, etc.) 
 
 
Conclusion and management implications 
 
The project was intended to address FRPA/FREP needs for validation research for soil 
indicators.  EdIRT is designed to be an adjunct to the FRPA program, rather than an 
immediately implemented aspect of that program.  Validation efforts in FRPA are 
intended to support the efforts of forest managers to monitor compliance with FRPA 
standards.  EdIRT currently comprises a modest dataset applicable to indicators of 
productivity and tree loss in one area of coastal Douglas-fir forest in B.C., but with 
further expansion, the dataset will eventually be applicable throughout B.C. and other 
Canadian forests.  EdIRT successfully tracks environmental data associated with edaphic 
microbial indicators, and provides a common platform for assembling indicator data from 
various research programs, on a global basis.  Indicators from PFC and UBC research 
groups are combined in the most current version, and researchers in Taiwan are looking 
to adapt and expand this tool for use in monitoring indicators of forest soil health in 
tropical countries..  EdIRT promises to be a useful tool for analyzing the profiles of key 
forest soil communities, and validating soil conservation guidelines, but it should again 
be noted that the database was not intended for immediate use by forest managers. 
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