
at SciVerse ScienceDirect

International Biodeterioration & Biodegradation 72 (2012) 18e25
Contents lists available
International Biodeterioration & Biodegradation

journal homepage: www.elsevier .com/locate/ ibiod
Relationship between wood-inhabiting fungi and Reticulitermes spp. in four forest
habitats of northeastern Mississippi

Grant T. Kirker a,*, Terence L. Wagner b, Susan V. Diehl a

aDepartment of Forest Products, Forest and Wildlife Research Center, College of Forest Resources, Mississippi State University, PO Box 9820, Mississippi State, MS 39759, USA
bUSDA, Forest Service, Termite Research Unit, P.O. Box 928, Starkville, MS 39760-0928, USA
a r t i c l e i n f o

Article history:
Received 15 March 2012
Received in revised form
20 April 2012
Accepted 20 April 2012
Available online 23 May 2012

Keywords:
Wood biodeterioration
Coarse-woody debris
Wood fungi
Subterranean termites
* Corresponding author. Present address: Durability
Forest Service, Forest Products Laboratory, One Giffor
53726-2398, USA. Tel.: þ1 608 231 9256; fax: þ1 608

E-mail addresses: gkirker@fs.fed.us (G.T. K
(T.L. Wagner), sdiehl@cfr.msstate.edu (S.V. Diehl).

0964-8305/$ e see front matter Published by Elsevie
doi:10.1016/j.ibiod.2012.04.011
a b s t r a c t

Fungi from coarse woody debris samples containing or lacking termites were isolated, and identified
from upland and bottomland hardwoods and pines in northeast Mississippi. Samples yielded 860 unique
fungal isolates, with 59% identified to genus level. Four phyla, six classes, 10 orders, 14 families, and 50
genera were recovered. The fungal groups encountered by decreasing taxonomic diversity were
Imperfect Fungi, Ascomycota, Zygomycota, Basidiomycota, and unknown fungi. The most frequently
encountered fungi were Penicillium (81 occurrences), Nodulisporium (57), Cladosporium (37), Trichoderma
(34), Xylaria (29), Talaromyces and Pestalotia (27 each), and Stachylidium (26). The true wood decay fungi
only accounted for 0.9% of the fungi isolated. The only statistical interactions associated with termites
were the genus Nodulisporium, the class Coelomycetes, and the order Xylariales which all correlated with
the absence of termites. Of particular interest is the strong correlation of the Xylariales and absence of
termites. These white rot ascomycetes may have inhibitory effects on termites. In addition, the corre-
lation of the genus Nodulisporium may be related as many species of this genus are considered asexual
stages of Xylaria and Hypoxylon. There were also a number of significant interactions between wood
species, habitat and presence of certain fungi. Most prior research has found an attraction of termites to
wood infested with different types of wood-associated fungi. This study, however, found no positive
statistical correlations between the presence of termites and any given group of fungi. An increased
understanding of these interactions may help locate and isolate biologically active compounds that may
influence termite behavior.

Published by Elsevier Ltd.
1. Introduction

Subterranean termites belonging to the genus Reticulitermes are
a key pest of wooden structures in North America. The Eastern
subterranean termite, Reticulitermes flavipes ranges from Ontario,
Canada down throughout the eastern United States and is themajor
termite pest of residential buildings excluding coastal areas
invaded by the Formosan Subterranean termite, Coptotermes for-
mosanus. Termites mechanically and chemically digest the struc-
tural components of wood, and in the southern United States they
are major contributors to wood degradation (Shelton and Grace,
2003). Remedial treatment for termite infestations, repair of
damaged structures, and control exceeds $1.5 billion dollars in the
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United States annually (Su and Scheffrahn, 1998). In the forest
environment, subterranean termites are major contributors to soil
turnover and nutrient cycling and interact with their surroundings
to ensure coarsewoody debris is broken down and converted to soil
humus. In conjunction with termites, soil decay microorganisms
also play critical roles in wood decomposition and nutrient cycling
(Savory, 1954; Basham, 1959; Kaarik, 1975). Among the many
microorganisms involved in wood deterioration, key are the
saprophytic decay fungi. The environmental conditions favorable
for termites are also favorable for fungi, and hence the two groups
of organisms are commonly found in close association (Kofoid,
1934).

Decay fungi are among the first organisms to invade wood as it
is exposed to the soil (Butcher, 1968). Termites compete with fungi
for available nutrients and moisture (Sands, 1969), and competition
for resources between termites and fungi may lead to habitat par-
titioning, symbiosis, or pathogenic relationships. Various wood
decay fungi have been shown to have an effect on the behavior of
subterranean termites. The brown-rot decay fungus, Gleophyllum
trabeum Pers: Fries (Mur.), was the focus of the majority of early
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studies (Amburgey, 1979). Wood decayed by G. trabeum has been
found to contain a chemical identical to a trail-pheromone
(Matsumara et al., 1969) and also influences shelter tube orienta-
tion and food selection (Amburgey and Beal, 1977). A logical
extension of this work combined G. trabeum decayed wood con-
taining attractive compounds with slow-acting stomach poisons
that could be ingested by the termites and transported back to the
colony by workers (Esenther and Gray, 1968; Beard, 1974; Olstaff
and Gray, 1975; Esenther and Beal, 1978; Su et al., 1995; Su and
Scheffrahn, 1996). These decayed blocks impregnated with pesti-
cides served as the precursors to the bait matrices that are used
today.

Since then, a wide range of fungi have been found that effect
termite behavior and physiology, and these effects vary by termite
species. It was originally thought that brown-rotted wood was
attractive to termites while wood degraded by white rot fungi was
repellent, but it is now apparent that this association is more
complex and varied (Grace et al., 1992). How termites respond to
decayed wood differs with fungal species (Matsuo and Nishmoto,
1974; French et al., 1981; Cornelius et al., 2002), wood species
(Lenz et al., 1991; Cornelius et al., 2004), as well as environmental
conditions (Cornelius et al., 2003). Cornelius et al. (2002) compared
the response of R. flavipes and C. formosanus to sawdust infected
with three different types of rot fungi (brown, white, and litter rot
fungi), and found that both termite species preferred sawdust
colonizedwith any of the three fungi over untreated sawdust. There
was also some preference among the three fungi, with white rot
and litter rot colonized sawdust preferred over the brown rot
colonized sawdust. In addition, the tunneling activity of
C. formosanus was increased in sand treated with an extract from
fungus-infected sawdust compared to the extract from uncolonized
sawdust. It has been suggested that wood decayed by fungi may
increase the nutritional value bymaking the digestible sugars more
available, by degrading natural inhibitors found in the wood and/or
by the production of fungal chemicals that attract the termites
(Waller et al., 1987). Since this study was conducted, Little et al.
(2012) investigated the feeding preference of R. flavipes for wood
containing blue stain fungi and bark beetle pheromones. Their
results indicated that R. flavipes preferentially fed on both air dried
and kiln dried SYP blue-stained sapwood as well as kiln and air
dried SYP sapwood treated with bark beetle pheromones and that
R. flavipes is strongly attracted to beetle-killed trees.

Given the close association between termites and decay
microorganisms, the successes found in applying G. trabeum and
the limited nature and variable responses of past research, it is
reasonable to hypothesize that other unstudied fungi may elicit
termite responses that might be useful in controlling infestations or
preventing attack. Identifying these fungi and their behavioral
modifying effects on termites is consistent with both the mission of
the U.S. Forest Service and the reduced risk policy on pesticides of
the U.S. Environmental Protection Agency.With these facts inmind,
the objectives of this study were to collect and identify wood-
inhabiting fungi found in pine and oak coarse woody debris from
upland and bottomland forest habitats in Mississippi, and to
correlate the relationship between these fungi and the presence or
absence of subterranean termites.

2. Material and methods

2.1. Field procedures

Study sites were located on the U.S. Department of Interior’s
Noxubee National Wildlife Refuge located 16-km south of Stark-
ville, MS. Four habitats were sampled to reflect contrasting forest
ecosystems: bottomland pine, bottomland hardwood, upland pine,
and upland hardwood. Forest type (i.e., pine and hardwood), soil
type, and elevation were used to distinguish habitats. Bottomland
sites were restricted to elevations� 76 m and contained bottom-
land soils typical of northeast Mississippi, while upland sites were
restricted to elevations� 91 m and contained upland soil types
(Brent, 1973, 1986). A 15-m elevation buffer separated the
bottomland and upland sites to provide greater ecological contrast
between the lower wetter habitats and the higher drier habitats.
The two common habitat collection sites, bottomland hardwood
and upland pine, were 16 ha in size and contained dominant trees
�15 cm diameter at breast height indicative of each stand type. The
two uncommon habitat collection sites, bottomland pine and
upland hardwood, were only 4 ha in size. Stands satisfying these
criteria were located and numbered on digital maps with only
square stands of 4 ha or 16 ha considered. Five stands (plots) per
habitat were randomly selected for sampling. Latitudes and longi-
tudes of plot centers were downloaded into a GPS unit to aid in
their location on the ground. Sampling was conducted over a 5-wk
period, one plot per habitat per week starting in May.

All coarse woody debris (CWD)> 5-cm diameter on the ground
and capable of easy dissection with an axe was examined for the
presence of termites while progressing outward from plot centers
in a concentric fashion: spiraling outward from the center. The first
four CWD samples containing termites or termite damage and the
first four CWD samples without termites or termite damage were
collected in each plot. Only pines or oaks were sampled in their
respective forest type. Sample length and diameter were recorded,
as well as the length and diameter of the wood containing termites.
Termites representing each caste were collected and placed in 70%
ethanol.

2.2. Fungal isolations

Wood samples were stored at room temperature before being
processed. Decay fungi were cultured on Russell’s Agar (25 g agar,
30 g malt extract, and 5 g peptone per liter with 0.3 ml of 1% o-
phenyl phenol added after sterilization), a media more selective
toward wood rotting basidiomycetes (Russel, 1956; Johnson and
Curl, 1972). Ten 1e2 cm long wood pieces were removed from
each sample and flame sterilized. The wood samples were each
placed on separate plates of Russell’s agar. After sufficient mycelial
growth, each unique culture was transferred to five clean plates of
malt extract agar to obtain pure cultures. If several types of fungi
were found growing on the initial plate, they were separated and
sub-cultured. Unique sub-cultures were grouped according to
morphological characteristics found in existing keys (Nobles, 1958;
Fergus, 1960; Ellis, 1971, 1976; Gilbertson, 1974, 1980; Gilbertson
and Ryvarden, 1986; Chamuris, 1988; Farr et al., 1989; Hanlin,
1990, 1997, 1998; Wang and Zabel, 1990; Domsch and Gams,
1993; St.-Germaine and Summerbell, 1996; Barnett and Hunter,
1998; Watanabe, 2002). Fungi were mounted onto slides and
viewed under a light microscope at 200�, 400�, and 1000�
magnifications in order to search for taxonomically relevant
morphological structures. Unidentified cultures were also analyzed
using Fatty Acid Methyl Ester (FAME) analysis or molecular
procedures.

2.3. FAME analysis

FAME analysis compares fatty acid presence and concentrations
from unknown fungal mycelium extracts to fatty acid profiles of
wood decay fungi in a database of ATCC cultures. Samples for FAME
were first grown on Sabourand dextrose agar then transferred into
Sabourand dextrose broth (Difco, Sparks MD). Mycelia was filtered,
rinsed with sterile water and patted dry. FAME extractions on 0.1 g



Table 1
Summary statistics of fungi isolated from coarse woody debris (CWD) samples.

Parameter Bottom
hardwood

Bottom
pine

Upland
hardwood

Upland
pine

Total

Number
of CWD

40 40 40 40 160

Number of
isolates

200 219 184 257 860

Average per
sample

5.00 5.48 4.60 6.43 5.38
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mycelia were preformed according to the manufacturer’s specifi-
cations (MIDI Inc., Newark, DE) in preparation for gas chromatog-
raphy. A negative control (with no fungal material) and positive
control (consisting of a known fungus with the fatty acid profile
stored in the database) were analyzed with each set of samples. The
sample extract was injected into an Agilent 6890 gas chromato-
graph (GC) with a 7683-model auto-sampler connected to
a computer with MIDI Sherlock Software (MIDI Inc., Newark, DE).
The GC used an Agilent Ultra 2 capillary column; hydrogen (40 ml/
min) at 275.79 kPa (40 psi) as the carrier, compressed air (450 ml/
min) at 413.685 kPa (60 psi), and nitrogen (45-ml/min) at
413.685 kPa (60 psi). Samples were analyzed on the GC for 20.8 min
at an initial temperature of 170 �C, ramped 5 �C per min to 260 �C.
The oven temperature increased at 40 �C per min to 290 �C with an
equilibration time of 1.5 min. The injector temperature was 250 �C
and detector temperature was 300 �C. The FAME profiles of
unknown fungi were compared to those in the database using the
Sherlock software. The correct genus and species as determined by
FAME analysis of the wood fungi were documented and added to
a spreadsheet database.

2.4. Molecular identification

Because the FAME database for wood decay basidiomycetes is
very limited, efforts were made to identify the remaining fungi by
molecular methods. Unknown fungi were transferred to malt broth
and placed on a shaker to grow sufficient mycelia for use in PCR.
Whole genomic fungal DNA was extracted from 20 mg frozen
mycelium using a DNeasy Plant Mini Kit (Qiagen Inc.). A portion of
the internal transcribed spacer (ITS) region was amplified by the
universal fungal primer set ITS-1 and ITS-4 using an Eppendorff
thermocycler (White et al., 1990). All amplified DNA was visually
verified on 2% agarose gels. Restriction enzyme cuts were made on
the amplified DNA using Alu I, Hinf I, Hae II, and Taq I. The four
restriction cuts along with the ITS and a 50-base pair ladder were
loaded onto a high resolution 2.5% agarose gel and the resulting
fingerprint was used to compare the unknown fungal species to
known fungal fragment patterns. The correct genus and species of
the identified fungi were documented and added to the collection
data in a spreadsheet database.

2.5. Statistical procedures

The experiment used a split plot arrangement in a completely
randomized design, where whole plots had a factorial treatment
structure. The whole plots were created with factorial combina-
tions of two factors, habitat (upland, bottomland) and tree type
(pine or oak). Twenty sites were sampled, five per habitat-tree type
combination. Each whole plot was further divided into subplots by
termite presence. Eight wood samples, four with termites and four
without termites, were collected at each site and evaluated for
presence or absence of the fungi in question. Binary responses, for
presence of fungi, were assumed to follow a binomial distribution.

The relationship between each factor (habitat, tree type, and
termite presence) and fungal group (phylum, class, order, genus,
and species) were analyzed using the GLIMMIX macro of SAS (SAS,
1999). The GLIMMIX macro analyzes the binary response variable,
fungal presence, using a Mixed Model approach with sample site
assumed a random effect. A statistical significance level of 0.10 was
used. Differences in means of estimated probabilities of fungal
presence were evaluated using pair-wise comparisons of the least
squares means based on a t-distribution in case of significant
effects.

Significant effects and interactions were analyzed at the 10%
significance level (P¼ 0.10). This level was used to locate any
statistical significance between the presence of wood associated
fungi and the presence or absence of termites. Because of the
exploratory nature of the study, it was deemed essential not to
overlook possible relationships between fungal presence and other
factors studied. It is acknowledged that this action increases the
chance of type I error, but it is viewed as a lesser concern compared
with possibly missing relationships that can be studied in more
detail at a later time.
3. Results

A total of 160 coarse woody debris (CWD) samples yielded 860
unique fungal isolates. On average, 5.38 isolates were recovered
from each sample, slightly more from pine than oak (Table 1). Four
phyla, six classes, 10 orders, 14 families, and 50 genera were
recovered. The fungal taxonomic groups encountered listed by
decreasing taxonomic diversity were Imperfect Fungi (Table 2),
Ascomycota (Table 3), Zygomycota (Table 4), Basidiomycota
(Table 5), and unknown fungi which have been grouped based on
cultural characteristics (Table 6).

The 415 Imperfect Fungi cultured in this study were from two
classes, four orders, five families, and 32 genera. Representatives of
this group were found in every habitat and approximately 48% of
the fungi isolated were imperfect fungi. Hyphomycetes was the
largest and most frequently encountered class (362 occurrences)
containing two orders, three families, and 27 genera; although this
taxonomic representation is incomplete because not all recovered
fungi could be identified. Statistical analysis found a significant
relationship between fungi belonging to order Moniliales and
habitat, with more fungi within the Moniliales occurring from
bottomland sites (Table 7). The most commonly encountered
genera from the family Moniliaceae were Penicillium (81 occur-
rences), Nodulisporium (57 occurrences), Trichoderma (34 occur-
rences), Arthrographis (14 occurrences), Aspergillus (13 occurrences)
and Exophilia (11 occurrences). Penicilliumwas the most frequently
encountered fungus in this study. Although this genus is a common
laboratory contaminant, care was taken to ensure that the isolates
counted in this study originated from the wood material. The most
common species, Penicillium tholmii, was encountered 33 times
from all habitats and is considered a soil-born fungus (Domsch and
Gams, 1993).

Nodulisporium was the second most commonly encountered
fungus. Many species of this genus are considered the asexual
stages of Xylaria and Hypoxylon, both Ascomycetes commonly
associated with wood. Statistical analysis carried out at the genus
level for commonly occurring genera within the imperfect fungi
group found only the genus, Nodulisporium spp., statistically
significant for a three-way interaction between termite presence,
wood type, and habitat (Table 7). Nodulisporium spp. was encoun-
tered more frequently either in bottomland oak habitats or upland
pine habitats, both without termites. Further analysis of these fungi
at the genus and species level is needed to determine if these fungi
influence termite presence or absence.



Table 2
Systematic listing of representative members of the imperfect fungi recovered from four forested habitats. A species name is listed only if it was encountered at least five times.
The data listed are the number of times a taxonomic group was isolated from the coarse wood debris with and (without) termites.

Fungi Upland pine þ (�) termites Upland oak þ (�) termites Bottom pine þ (�) termites Bottom oak þ (�) termites Total

Imperfect fungi 59 (53) 38 (49) 63 (59) 38 (56) 415
Class Hyphomycetes 46 (47) 34 (38) 57 (51) 37 (52) 362
Order Moniliales 46 (47) 34 (38) 57 (51) 37 (50) 360
Family Moniliaceae 27 (30) 23 (27) 44 (37) 30 (37) 255
Acremonium 2 (1) 0 (1) 0 (0) 0 (2) 6
Arthrographis 0 (0) 2 (4) 5 (0) 2 (1) 14
Aspergillus 1 (4) 0 (0) 1 (2) 3 (2) 13
Aspergillus versicolor 0 (4) 0 (0) 1 (2) 2 (2) 11

Chrysosporium 2 (0) 0 (0) 0 (2) 0 (0) 4
Exophilia 2 (0) 1 (0) 1 (3) 4 (0) 11
Exophilia jeanselmii 0 (0) 1 (0) 0 (0) 4 (0) 5

Geotrichum candidum 0 (0) 0 (0) 4 (0) 2 (1) 7
Gliocladium 0 (0) 0 (0) 3 (2) 0 (0) 5
Nodulasporium 7 (17) 4 (4) 4 (4) 4 (13) 57
Oidiodendron 0 (0) 0 (2) 0 (0) 0 (0) 2
Paecilomyces 4 (0) 0 (0) 2 (0) 1 (0) 7
Penicillium 5 (7) 12 (8) 19 (19) 5 (6) 81
Penicillium tholmii 0 (0) 5 (2) 14 (12) 0 (0) 33

Rhinocladiella 0 (0) 0 (0) 0 (0) 1 (0) 1
Scopulariopsis 0 (0) 1 (0) 0 (0) 1 (4) 6
Scytalidium 0 (0) 0 (1) 0 (0) 0 (0) 1
Sporobolomyces 0 (0) 0 (0) 2 (0) 0 (0) 2
Trichoderma 4 (1) 2 (6) 3 (5) 7 (6) 34
Verticillium 0 (0) 1 (1) 0 (0) 0 (2) 4

Family Dermatiaceae 15 (14) 7 (7) 11 (14) 5 (11) 84
Aurobasidium 2 (0) 0 (2) 4 (1) 0 (0) 9
Aurobasidium pullulans 2 (0) 0 (0) 2 (1) 0 (0) 5

Chalariopsis 0 (0) 0 (0) 0 (0) 0 (1) 1
Cladosporium 8 (9) 0 (4) 2 (8) 2 (4) 37
Humicola 0 (2) 0 (0) 4 (0) 0 (1) 7
Humicola fuscoatra 0 (2) 0 (0) 4 (0) 0 (0) 6

Lacellina 0 (0) 0 (0) 0 (1) 1 (0) 2
Philaophora 1 (0) 0 (0) 0 (0) 0 (0) 1
Pithomyces 0 (0) 1 (0) 0 (0) 0 (0) 1
Stachylidium 4 (3) 6 (1) 1 (4) 2 (5) 26

Family Tuberculariaceae 0 (1) 0 (0) 0 (0) 1 (1) 3
Fusarium 0 (1) 0 (0) 0 (0) 1 (1) 3

Order Mycelia Sterilia 0 (0) 0 (0) 0 (0) 0 (2) 2
Papulospora 0 (0) 0 (0) 0 (0) 0 (2) 2

Class Coelomycetes 13 (6) 4 (11) 6 (8) 1 (4) 53
Order Sphaeropsidales 5 (2) 0 (4) 5 (4) 1 (4) 25
Family Sphaeropsidaceae 5 (2) 0 (4) 5 (4) 1 (4) 25
Coniothyrium 4 (2) 0 (0) 0 (0) 0 (0) 6
Phylosticta 0 (0) 0 (4) 0 (0) 0 (0) 4
Pyrenochaetes 1 (0) 0 (0) 5 (4) 1 (4) 15
Pyrenochaetes globosa 1 (0) 0 (0) 5 (2) 1 (1) 10
Pyrenochaetes terestris 0 (0) 0 (0) 0 (2) 0 (3) 5

Order Melanconiales 8 (4) 4 (7) 1 (4) 0 (0) 28
Family Melanconiaceae 8 (4) 4 (7) 1 (4) 0 (0) 28
Monochaetia 0 (0) 0 (0) 0 (1) 0 (0) 1
Pestalotia 8 (4) 4 (7) 1 (3) 0 (0) 27
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The most commonly encountered genera in the family Dema-
tiaceae were Cladosporium (37 occurrences) and Stachylidium (26
occurrences). Cladosporium was the third most commonly
encountered genus in this study. Another common air mold, three
species of Cladosporium were identified but a majority of the
isolates (31) were not identified to the species level. Fungi in the
class Coelomycetes are dematiaceous hyphomycetes and produce
an acervulus onwoody or leafy tissue. Representative genera of this
class encountered in this study were Pestalotia, Pyrenochaetes,
Coniothyrium, and Phyllosticta. The factors wood type and termite
presence were found to interact and statistically influence the
presence of fungi belonging to class Coelomycetes (Table 7), which
were often recovered from oak wood samples without termites (5
with termites present versus 19 with termites absent). The
presence of Pestalotia (Table 7) was also determined to be influ-
enced by habitat and encountered more frequently in upland
systems.

Though Zygomycetes were not an initial consideration of this
research, it became apparent that they are important members of
the fungal community found in forest ecosystems (Table 3). These
fungi are frequently encountered in soil, dung and plant debris.
Three genera and species of Zygomycetes were isolated in this
study, but there were no noticeable interactions between these
fungi and termites. Mortierella was the most common zygomycete
genera (10 occurrences) encountered in this study. These fungi
were widespread over termite infested and non-infested wood
samples, but there was a noticeable effect by habitat. Fungi in the
OrderMucorales weremore commonly encountered in upland pine



Table 3
Systematic listing of representative members of the Zygomycota recovered from four forested habitats. A species name is listed only if it was encountered at least five times.
The data listed are the number of times a taxonomic group was isolated from the coarse wood debris with and (without) termites.

Fungi Upland pine þ (�) termites Upland oak þ (�) termites Bottom pine þ (�) termites Bottom oak þ (�) termites Total

Zygomycota 12 (18) 2 (7) 9 (4) 7 (7) 66
Class Zygomycetes 12 (18) 2 (7) 9 (4) 7 (7) 66
Order Mucorales 12 (18) 2 (7) 9 (4) 7 (7) 66
Family Mortierellaceae 1 (7) 0 (0) 2 (0) 0 (0) 10
Mortierella chlamydospora 0 (7) 0 (0) 0 (0) 0 (0) 7

Family Mucoraceae 0 (0) 0 (1) 0 (1) 0 (0) 2
Mucor 0 (0) 0 (0) 0 (1) 0 (0) 1
Rhizopus 0 (0) 0 (1) 0 (0) 0 (0) 1
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habitats and were more commonly recovered from pine versus oak
(Table 7). Two of the unknown groups from this study, Groups 3
and 4, are believed to be Zygomycetes.

Ascomycete fungi were commonly encountered (97 occur-
rences), but the diversity of species was low (6 species). Ascomy-
cetes are sometimes associated with wood decay; several species of
Xylaria and Hypoxylon are classified as white-rot decay fungi. Many
other ascomycetes are described as cellulolytic fungi, obtaining
their food source from the structural elements of wood. No
significant interactions were noted at the phylum and class level. Of
the Ascomycetes cultured in this study, there were two classes,
three orders, five families, and six genera. There was statistical
significance at the order level between the presence of fungi of the
Order Xylariales and the absence of termites. Xylaria was the most
frequently encountered Ascomycete (29 occurrences) and was
significantly influenced by habitat, occurring more in upland
habitats compared to bottomland (Table 7). Most of the Xylaria
isolates were not identified to species. Also at the order level
Eurotiales was determined to be influenced by wood type, occur-
ring more in oak than pine (Table 7). The second most commonly
encountered Ascomycete was in this order, Talaromyces flavus with
27 occurrences. The presence of T. flavus was determined to be
influenced by habitat, with more representatives of this species
occurring in bottomland habitats. Other encountered genera were
Sordaria (13 occurrences), Eupenicillium (10) and Chaetomium (10).

Basidiomycota was the least encountered phyla with only 11
occurrences. Identification of members of this phylum is very
Table 4
Systematic listing of representativemembers of the Ascomycota recovered from four fores
data listed are the number of times a taxonomic group was isolated from the coarse wo

Fungi Upland pine þ (�) termites Upland oak þ (�) ter

Ascomycota 13 (15) 8 (18)
Class Plectomycetes 2 (0) 3 (4)
Order Eurotiales 2 (0) 3 (4)
Family Trichocomaceae 2 (0) 3 (4)
Eupenicillium 0 (0) 3 (4)
Talaromyces flavus 2 (0) 0 (0)

Class Pyrenomycetes 9 (15) 5 (14)
Order Hypocreales 0 (0) 2 (0)
Family Nectriaceae 0 (0) 2 (0)
Nectria 0 (0) 2 (0)

Order Sordiales 4 (10) 1 (1)
Family Chaetomiaceae 1 (3) 0 (0)
Chaetomium 1 (3) 0 (0)
Chaetomium globosum 1 (3) 0 (0)

Family Sordariaceae 3 (6) 0 (0)
Sordaria 3 (6) 0 (0)

Order Xylariales 5 (5) 2 (13)
Family Xylariaceae 5 (5) 2 (13)
Xylaria 5 (5) 2 (13)
difficult because these fungi do not typically produce spores or
fruiting bodies on artificial media and they are morphologically
similar. All identified taxa in this group were confirmed by both
fatty acid analysis and molecular profiles. Of the two genera iso-
lated in this study, both are true wood decay fungi in the class
Hymenomycetes and order Aphyllophorales. Gleophyllum is
a brown-rot wood decay fungus in the family Polyporaceae. Two
species were identified, G. sepiarium (7 occurrences) and G. trabeum
(1 occurrence). Stereum is white-rot wood decay fungus in the
family Stereaceae. This species was isolated twice. There were no
statistical interactions between any of the Basidiomycota groups
and habitat or presence/absence of termites. Unknown Group 6 is
a likely basidiomycete based on the presence of clamp connections.

Of the total 860 total isolates obtained in this study, 157
unknown isolates were grouped into ten groups based on
morphological and cultural similarities (Table 6). These unknown
groups were treated as artificial taxonomic groupings to determine
any significant effects or interactions due to the presence of
representatives of these groups on wood type, habitat, or termite
presence. No significance was found when looking at termite
presence. Unknown group 3 (Table 6), which was determined to be
a zygomycete, had a positive correlation between the presence of
members of this group and habitat as it was more common in
upland habitats (Table 7). Unknown group 5 was found to be
significantly influenced by wood type, with more representatives
isolated from oak compared to pine (Table 7). Representatives of
each unknown group have been retained for further study and
ted habitats. A species name is listed only if it was encountered at least five times. The
od debris with and (without) termites.

mites Bottom pine þ (�) termites Bottom oak þ (�) termites Total

8 (10) 11 (14) 97
6 (4) 8 (10) 37
6 (4) 8 (10) 37
6 (4) 8 (10) 37
0 (0) 1 (2) 10
6 (4) 7 (8) 27

2 (6) 3 (4) 58
0 (0) 0 (0) 2
0 (0) 0 (0) 2
0 (0) 0 (0) 2

1 (4) 3 (3) 27
1 (1) 1 (3) 10
1 (1) 1 (3) 10
0 (1) 1 (3) 9

0 (3) 1 (0) 13
0 (3) 1 (0) 13

1 (2) 0 (1) 29
1 (2) 0 (1) 29
1 (2) 0 (1) 29



Table 5
Systematic listing of representative members of the Basidiomycota recovered from four forested habitats. The data listed are the number of times a taxonomic group was
isolated from the coarse wood debris with and (without) termites.

Fungi Upland pine þ (�) termites Upland oak þ (�) termites Bottom pine þ (�) termites Bottom oak þ (�) termites Total

Basidiomycota 6 (1) 0 (1) 0 (2) 2 (0) 12
Class Hymenomycetes 6 (1) 0 (1) 0 (2) 2 (0) 12
Order Aphyllophorales 6 (1) 0 (1) 0 (2) 2 (0) 12
Family Gloeophyllaceae 4 (1) 0 (1) 0 (2) 2 (0) 10
Gleophyllum 4 (1) 0 (1) 0 (2) 2 (0) 10
Gleophyllum sepiarium 3 (0) 0 (0) 0 (2) 2 (0) 7
Gleophyllum trabeum 1 (0) 0 (0) 0 (0) 0 (0) 1

Family Stereaceae 2 (0) 0 (0) 0 (0) 0 (0) 2
Stereum complicatum 2 (0) 0 (0) 0 (0) 0 (0) 2
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possible molecular analyses for identification. An additional 112
isolates were complete unknowns; they could not be distinguished
by morphological or cultural characteristics and were of rare
occurrence, usually occurring only once or twice.

4. Discussion

The underlying objective of this research was to locate interac-
tions among termites and different fungi that occur in the forest
ecosystem. Voucher specimens have been retained for each indi-
vidual genus or species of fungi for further study. The only statis-
tical interactions found associated with termites were the genus
Nodulisporium, the class Coelomycetes, and the order Xylariales
which were all correlated with the absence of termites. Of partic-
ular interest is the strong correlation of the Xylariales and absence
of termites. This suggests that these white rot ascomycetes may
have inhibitory effects on termites. On wood, Xylaria hypoxylon is
considered an early colonizer and cannot colonize or move into
space already occupied by another fungus. However once estab-
lished, it can maintain its space for many years and prevent other
fungi from overgrowing its position (Chapela et al., 1988). Perhaps
once established, it can also inhibit termites from its occupied
wood. It is recommended that these fungi be utilized in bioassays to
measure termite response to Xylaria-infested wood. It is possible
that fungi belonging to this genus produce extracellular metabo-
lites that affect termite feeding. Another interesting result is the
correlation of the genus Nodulisporium and the absence of termites.
Many species of this genus are considered asexual stages of the
ascomycetes Xylaria and Hypoxylon. The presence of the other
interacting factors makes it difficult to determine if this genus
actually repels termites, but it should also be a selection for future
behavioral studies.

Another ascomycete of particular note was Chaetomium globo-
sum. Although this fungus was encountered infrequently, it was
often encountered in wood samples that did not contain termites,
Table 6
Grouped unknown fungi recovered from four forested habitats. The data listed are the nu
termites.

Fungi Upland pine þ (�) termites Upland oak þ (�) termites

Unknown groups 28 (26) 20 (17)
Unknown 1 8 (7) 6 (1)
Unknown 2 2 (2) 1 (4)
Unknown 3 8 (6) 0 (3)
Unknown 4 4 (5) 2 (3)
Unknown 5 0 (1) 7 (5)
Unknown 6 0 (0) 3 (1)
Unknown 7 0 (1) 0 (0)
Unknown 8 2 (4) 1 (0)
Unknown 9 4 (0) 0 (0)
Unknown 10 0 (0) 0 (0)
but was not determined to be statistically significant due to low
occurrence (isolated 2 times with termites and 7 times without
termites). This species is a soft rot fungus and a common cellulolytic
mold in homes. It is known to produce antimicrobial metabolites
and has been used as a biocontrol agent for seed-borne fungi (Di
Pietro et al., 1991). Because of its high antimicrobial activity, it
may also be a good candidate for further study.

One possible limitation of this study is the exclusion of bark
beetle damage from our observations. Little et al. (2012) found
strong attraction of R. flavipes to beetle-killed SYP in laboratory
tests, suggesting that R. flavipes preferentially feeds on CWD
infested with blue stain fungi following bark beetle attack. Signif-
icant bark beetle damagewas not observed in the samples collected
for this study, nor was blue stain fungi (Ophiostoma spp., Cerato-
cystis spp., Leptographium spp., etc.) isolated from the samples. A
more intensive sampling of CWD would be necessary to further
investigate those relationships. Blue stain fungi were likely
excluded by our choice of isolation media (Russell’s agar), which
contains 2-phenyl phenol which is labeled for prevention of stain
fungi in sawn timber (Ash and Ash, 2004).

The true wood decay fungi only accounted for 0.9% of the fungi
isolated. All basidiomycetes isolated were in the Order Aphyllo-
phorales, which contains the majority of wood decay fungi, and in
either the Polyporaceae or Stereaceae families. There were no
statistical associations between any specific basidiomycetes and
termites. One possible explanation for the lack of basidiomycetes
encountered in this study may be the stage of decay of the wood
sampled. All CWD samples were in more advanced stages of decay
and already softened when they were collected. It is possible that
only a few dominant decay species remained on the wood at these
later stages of decay. In addition, basidiomycetes do not grow as
rapidly as other fungi often resulting in a failure to colonize the
media before the more aggressive fungi have proliferated.

Most prior research found an attraction of termites to wood
infested with different types of wood-associated fungi. However,
mber of times a group was isolated from the coarse wood debris with and (without)

Bottom pine þ (�) termites Bottom oak þ (�) termites Total

15 (12) 15 (24) 157
0 (0) 0 (0) 22
2 (6) 4 (3) 24
3 (0) 1 (0) 21
3 (3) 4 (7) 31
0 (1) 2 (7) 23
0 (0) 0 (5) 9
7 (0) 1 (2) 11
0 (1) 0 (0) 8
0 (1) 3 (0) 8
4 (0) 1 (0) 5



Table 7
Summary of significant main effects and interactions found in this study. Majority of
occurrences column describes the dominant conditions containing these fungal
types.

Taxon identification Significant
effect(s)

P-value Majority of
occurrences

Order Moniliales H 0.0344 Bottomland
Class Coelomycetes WT * TP 0.0516 Oak without

termites
Genus Pestalotia H 0.0875 Upland
Genus Nodulisporium H *WT * TP 0.0323 Upland pine

without termites
and bottomland
oak without
termites

Order Mucorales WT *H 0.0343 Upland pine
Order Erotiales WT 0.0365 Oak
Species Talaromyces

flavus
H 0.034 Bottomland

Order Xylariales TP 0.0476 Termites absent
Order Xylariales H 0.054 Upland
Group unknown 3 H 0.0492 Upland
Group unknown 5 WT 0.0515 Oak

*denotes the presence of interaction(s) between main effects.
H¼ habitat; WT¼wood type; TP¼ termite presence or absence.

G.T. Kirker et al. / International Biodeterioration & Biodegradation 72 (2012) 18e2524
this study found no positive statistical correlations between the
presence of termites and any given group of fungi. In fact, the only
correlations were negative ones. An increased understanding of
these interactions may help locate and isolate biologically active
compounds that may influence termite behavior. Habitat difference
accounts for some variation. Those fungi with significant main
effects or interactions will be used in behavioral bioassays to
determine termite response to fungus-infested wood in
a controlled laboratory environment.
Acknowledgments

The authors wish to thank the USDA Forest Service for funding
this graduate research. Additional thanks are owed to E.L. Scruggs
at the Wood Products Insect Research Unit for technical assistance
in culture and isolation of wood inhabiting fungi. This publication
has been peer reviewed and accepted as a Mississippi State
University Forestry and Wildlife Research Center publication
(FWRC publication FP643).
References

Amburgey, T.L., 1979. Review and checklist of the literature on interactions between
wood-inhabiting fungi and subterranean termites: 1960e1978. Sociobiology 4,
279e296.

Amburgey, T.L., Beal, R.H., 1977. White rot inhibits termite attack. Sociobiology 3,
35e38.

Ash, M., Ash, I., 2004. Handbook of preservatives. Synapse Information Resources,
Inc., Endicott, NY, 850 pp.

Barnett, H.L., Hunter, B.B., 1998. Illustrated genera of imperfect fungi, 4th ed. APS
Press, St. Paul, MN.

Basham, J.T., 1959. Studies in forest pathology. XX: investigations of the pathological
deterioration in killed balsam fir. Canadian Journal of Botany 37, 291e326.

Beard, R.L., 1974. Termite biology and bait-block method of control. Connecticut
Agricultural Experiment Station Bulletin, 1e19.

Brent, F.V., 1973. Soil survey of Oktibbeha County. U.S. Government Printing Office,
MS.

Brent, F.V., 1986. Soil survey of Noxubee County. U.S. Government Printing Office,
MS.

Butcher, J.A., 1968. The ecology of fungi infecting untreated and preservative-
treated sapwood of Pinus radiata D. Don. In: Walters, Harry, Elphick, John, J.
(Eds.), Biodeterioration of Materials. Microbiological and Allied Aspects.
Elsevier Publishing Co., New York, pp. 444e459.

Chamuris, G.P., 1988. The non-stipitate steroid fungi in the northeastern United
States and adjacent Canada. New York Botanical Garden, New York.
Chapela, I.H., Boddy, L., Rayner, A.D.M., 1988. Structure and development of fungal
communities in beech logs four and a half years after felling. FEMS Microbi-
ology Letters 53, 59e70.

Cornelius, M.L., Brand, J.M., Daigle, D.J., Williams, K.S., Lovisa, M.P.,
Connick Jr., W.J., Lax, A.R., 2004. Effect of a lignin-degrading fungus on
feeding preferences of Formosan Subterranean Termite (Isoptera: Rhino-
termitidae) for different commercial lumber. Journal of Economic Entomology
97, 1025e1035.

Cornelius, M.L., Daigle, D.J., Connick Jr., W.J., Parker, J.A., Wunch, K., 2002. Responses
of Coptermes formosanus and Reticulitermes flavipes (Isoptera: Rhinotermitidae)
to three types of wood rot fungi cultured on different substrates. Journal of
Economic Entomology 95, 121e128.

Cornelius, M.L., Daigle, D.J., Connick Jr., W.J., Williams, K.S., Lovisa, M.P., 2003.
Responses of the Formosan subterranean termite (Isoptera: Rhinotermitidae)
to wood blocks inoculated with lignin-degrading fungi. Sociobiology 41,
513e525.

Di Pietro, A., Gut-Rella, M., Pachlatko, J.P., Schwinn, F.J., 1991. Role of antibiotics
produced by Chaetomium globosum in biocontrol of Pythium ultimum, a causal
agent of damping off. Phytopathology 82, 131e135.

Domsch, K.H., Gams, W., 1993. Compendium of soil fungi. IHW-Verlag, Eching,
Germany.

Ellis, M.B., 1971. Dematiaceous Hyphomycetes. Surrey, England.
Ellis, M.B., 1976. More Dematiaceous Hyphomycetes. Surrey, England.
Esenther, G.R., Beal, R.H., 1978. Insecticidal baits on field plot perimeters suppress

Reticulitermes. Journal of Economic Entomology 71, 604e607.
Esenther, G.R., Gray, D.E., 1968. Subterranean termite studies in Southern Ontario.

The Canadian Entomologist 100, 827e834.
Farr, D.F., Bills, G.F., Chamuris, G.P., Rossman, A.Y., 1989. Fungi on plants and plant

products in the United States. APS Press, St. Paul, MN.
Fergus, C.L., 1960. Illustrated genera of wood decay fungi. Burgess Publishing,

Minneapolis, MN.
French, J.R.J., Robinson, P.J., Thornton, J.D., Saunders, I.W., 1981. Termiteefungi

interactions. II. Response of Coptotermes acinaciformis to fungus-decayed soft-
wood blocks. Materials and Organisms 16, 1e14.

Gilbertson, R.L., 1980. Wood rotting fungi of North America. Mycologia 72, 1e49.
Gilbertson, R.L., Ryvarden, L., 1986. North American polypores. Fungiflora Press,

Oslo, Norway.
Gilbertson, R.L., 1974. Fungi that decay ponderosa pine. University of Arizona Press,

Tucson, AZ.
Grace, J.K., Goodell, B.S., Jones, W.E., Chandhoke, V., Jellison, J., 1992. Evidence for

inhibition of termite (Isoptera: Rhinotermitidae) feeding by extracellular
metabolites of a wood decay fungus. Proceedings Hawaiian Entomological
Society 31, 249e252.

Hanlin, R.T., 1990. Illustrated genera of ascomycetes. APS Press, St. Paul, MN.
Hanlin, R.T., 1997. Illustrated genera of ascomycetes. APS Press, St. Paul, MN.
Hanlin, R.T., 1998. Combined keys to illustrated genera of ascomycetes. APS Press, St.

Paul, MN.
Johnson, L.F., Curl, E.A., 1972. Methods for research on the ecology of soil-borne

plant pathogens. Burgess Publishing, Minneapolis, MN.
Kaarik, A., 1975. Succession of microorganisms during wood decay. In: Liese, W.

(Ed.), Biological Transformation of Wood By Microorganism. Springer-Verlag,
New York, pp. 39e51.

Kofoid, C.A., 1934. Termites and termite control: a report to the termite investiga-
tions committee. University of California, Berkeley, CA.

Lenz, M., Amburgey, T.L., Zi-Rong, D., Mauldin, J.K., Preston, A.F., Rudolph, D.,
Williams, E.R., 1991. Interlaboratory studies on termiteewood decay fungi
associations: II. Response of termites to Gloeophyllum trabeum grown on
different species of wood (Isoptera: Mastotermitidae, Termopsidae, Rhino-
termitidae, Termitidae). Sociobiology 18, 203e254.

Little, N.S., Riggins, J.R., Schultz, T.P., Londo, A.J., Ulyshen, M.D., 2012. Feeding
preference of native subterranean termites (Isoptera: Rhinotermitidae: Retic-
ulitermes) for wood containing bark beetle pheromones and blue-stain fungi.
Journal of Insect Behavior 25, 197e206.

Matsumara, R., Tai, A., Coppel, H.C., 1969. Termite trail-following substance, isola-
tion and purification from Reticulitermes virginicus and fungus infected wood.
Journal of Economic Entomology 62, 599e603.

Matsuo, H., Nishmoto, K., 1974. Response of the termite Coptotermes formosanus
(Shiraki) to extract fractions from fungus-infected wood and fungus mycelium.
Materials and Organisms 9, 225e238.

Nobles, M.K., 1958. Cultural characters as a guide to the taxonomy and phylogeny of
the Polyporaceae. Canadian Journal of Botany 36, 883e926.

Olstaff, D., Gray, D.E., 1975. Termite (Isoptera) suppression with toxic baits. The
Canadian Entomologist 107, 1321e1325.

Russel, P., 1956. A selective medium for the isolation of basidiomycetes. Nature 177,
1038e1039.

Sands, W.A., 1969. The association of termites and fungi. In: Weesner, K.A.F.M. (Ed.),
Biology of Termites. Academic Press, New York, pp. 495e524.

SAS, I., 1999. SAS Online V-8. Cary, NC.
Savory, J.G., 1954. Breakdown of timber by ascomycetes and fungi imperfecti.

Annals of Applied Biology 41, 336e337.
Shelton, T.G., Grace, J.K., 2003. Termite physiology in relation to wood degradation

and termite control. In: Goodell, B., Nicholas, D.D., Schultz, T.P. (Eds.), Wood
Deterioration and Preservation. ACS Press, Washington, DC.

St.-Germaine, G., Summerbell, R., 1996. Identifying filamentous fungi: a clinical
laboratory handbook. Star Publishing Co., Belmont, CA.



G.T. Kirker et al. / International Biodeterioration & Biodegradation 72 (2012) 18e25 25
Su, N.Y., Scheffrahn, R.H.,1996. Comparative effects of two chitin synthesis inhibitors,
hexaflumuron and lufenuron, in a bait matrix against subterranean termites
(Isoptera: Rhinotermitidae). Journal of Economic Entomology 89, 1156e1160.

Su, N.Y., Scheffrahn, R.H., 1998. A review of subterranean termite control practices
and prospects for integrated pest management programmes. Integrated Pest
Management Reviews 3, 1e13.

Su, N.Y., Thomas, E.M., Ban, P.M., Scheffrahn, R.H., 1995. Monitoring/baiting station
to detect and eliminate foraging population of subterranean termites (Isoptera:
Rhinotermitidae) near structures. Journal of Economic Entomology 88,
932e936.
Waller, D.A., La Fage, J.P., Gilbertson, R.L., Blackwell, M., 1987. Wood decay fungi
associated with subterranean termites (Rhinotermitidae) in Louisiana.
Proceedings of the Entomological Society of Washington 89, 417e424.

Wang, C.J.K., Zabel, R.A., 1990. Identification manual for fungi from utility poles in
the eastern United States. Allen Press, Lawrence, KS.

Watanabe, T., 2002. Pictorial atlas of soil and seed fungi: morphologies of cultured
fungi and key to species, 2nd ed. CRC Press, Boca Raton, FL.

White, T.J., Innis, M.A., Gelfand, D.H., Sninsky, J.J., 1990. In: White, T.J., Innis, M.A.,
Gelfand, D.H., Sninsky, J.J. (Eds.), PCR Protocols: A Guide To Methods And
Applications. Academic Press Inc., San Diego, CA.


	Relationship between wood-inhabiting fungi and Reticulitermes spp. in four forest habitats of northeastern Mississippi
	1. Introduction
	2. Material and methods
	2.1. Field procedures
	2.2. Fungal isolations
	2.3. FAME analysis
	2.4. Molecular identification
	2.5. Statistical procedures

	3. Results
	4. Discussion
	Acknowledgments
	References


