
, 20120787, published 28 November 20129 2013 Biol. Lett.
 
Bo Wang, Min Lu, Chihang Cheng, Christian Salcedo and Jianghua Sun
 
associates on larvae
Saccharide-mediated antagonistic effects of bark beetle fungal
 
 

Supplementary data

ml 
http://rsbl.royalsocietypublishing.org/content/suppl/2012/11/22/rsbl.2012.0787.DC1.ht

 "Data Supplement"

References
http://rsbl.royalsocietypublishing.org/content/9/1/20120787.full.html#ref-list-1

 This article cites 16 articles, 1 of which can be accessed free

Subject collections

 (698 articles)evolution   �
 (693 articles)ecology   �

 
Articles on similar topics can be found in the following collections

Email alerting service  hereright-hand corner of the article or click 
Receive free email alerts when new articles cite this article - sign up in the box at the top

 http://rsbl.royalsocietypublishing.org/subscriptions go to: Biol. Lett.To subscribe to 

 on November 3, 2013rsbl.royalsocietypublishing.orgDownloaded from  on November 3, 2013rsbl.royalsocietypublishing.orgDownloaded from  on November 3, 2013rsbl.royalsocietypublishing.orgDownloaded from  on November 3, 2013rsbl.royalsocietypublishing.orgDownloaded from  on November 3, 2013rsbl.royalsocietypublishing.orgDownloaded from 

http://rsbl.royalsocietypublishing.org/content/suppl/2012/11/22/rsbl.2012.0787.DC1.html 
http://rsbl.royalsocietypublishing.org/content/9/1/20120787.full.html#ref-list-1
http://rsbl.royalsocietypublishing.org/cgi/collection/ecology
http://rsbl.royalsocietypublishing.org/cgi/collection/evolution
http://rsbl.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=roybiolett;9/1/20120787&return_type=article&return_url=http://rsbl.royalsocietypublishing.org/content/9/1/20120787.full.pdf
http://rsbl.royalsocietypublishing.org/subscriptions
http://rsbl.royalsocietypublishing.org/
http://rsbl.royalsocietypublishing.org/
http://rsbl.royalsocietypublishing.org/
http://rsbl.royalsocietypublishing.org/
http://rsbl.royalsocietypublishing.org/


rsbl.royalsocietypublishing.org
Research
Cite this article: Wang B, Lu M, Cheng C,

Salcedo C, Sun J. 2013 Saccharide-mediated

antagonistic effects of bark beetle fungal

associates on larvae. Biol Lett 9: 20120787.

http://dx.doi.org/10.1098/rsbl.2012.0787
Received: 23 August 2012

Accepted: 2 November 2012
Subject Areas:
ecology, evolution

Keywords:
bark beetle, symbiosis, ophiostomatoid,

antagonism, saccharide, nutrition
Author for correspondence:
Jianghua Sun

e-mail: sunjh@ioz.ac.cn
†These authors contributed equally to the

study.

Electronic supplementary material is available

at http://dx.doi.org/10.1098/rspb.2012.0787 or

via http://rspb.royalsocietypublishing.org.
& 2012 The Author(s) Published by the Royal Society. All rights reserved.
Evolutionary biology

Saccharide-mediated antagonistic effects
of bark beetle fungal associates on larvae

Bo Wang†, Min Lu†, Chihang Cheng, Christian Salcedo and Jianghua Sun

State Key Laboratory of Integrated Management of Pest Insects and Rodents, Institute of Zoology,
Chinese Academy of Sciences, Beijing 100101, People’s Republic of China

Bark beetles are among the most destructive of pine forest pests and they

form close symbiotic relationships with ophiostomatoid fungi. Although

some fungi are considered to be mutualistic symbionts of bark beetles

with respect to the supply of nutrients, detrimental effects of fungal sym-

bionts on larval growth have also been frequently reported. The

mechanisms of such antagonistic effects are hypothesized to be a decrease

in nutritional resources caused by competition for saccharides by the fungi.

Here, we provide experimental evidence that three beetle-associated

fungi modify the nutritional content of an artificial phloem diet, leading

to a detrimental effect on the growth of Dendroctonus valens larvae. When

larvae were fed a diet of pine phloem in agar medium colonized with any

of these fungi, feeding activity was not affected but weight significantly

decreased. Additional analysis showed that fungi depleted the fructose

and glucose concentrations in the phloem media. Furthermore, these detri-

mental effects were neutralized by supplementing the media with fructose

or glucose, suggesting that fungi may affect larval growth by modifying

diet saccharide contents. These data indicate that fungus-induced nutritional

changes in bark beetle diet can affect larval growth, and that the mechanism

involves fungus-induced saccharide depletion from the larval diet.
1. Introduction
Bark beetle–fungus symbioses are an integral part of pine forest ecosystems and

play an important role in influencing the structure, composition and ecological suc-

cession of pine forest ecosystems [1]. Bark beetles, such as species in the genera

Dendroctonus and Ips, are commonly associated with ophiostomatoid fungi in

the genera Ceratocystis, Ceratocystiopsis, Graphium, Leptographium, Grosmannia and

Ophiostoma [2], and some Basidiomycetes, such as Entomocorticium spp. and

Phlebiopsis spp., also play an important role in bark beetle life cycles [2]. Fungal

spores are carried in the adult beetle exoskeleton, and when beetles bore their

galleries in the bark of pines, fungi are inoculated in the phloem layer. Once the

larvae hatch, they start feeding on the fungus-colonized phloem. Fungi can have

important effects on development, brood survival and even the population

dynamics of bark beetles [3]. Bark beetles and their associated fungi provide a tract-

able system for the study of symbiosis in a context of wide ecological and economic

significance [2].

Relationships between bark beetles and ophiostomatoid fungi are complex,

because some fungi are beneficial while others are detrimental or have no evi-

dent effect on their bark beetle hosts [2]. Thus, bark beetle–fungi interactions

have been classified as mutualistic, antagonistic and commensal [3]. Beetles

associated with mutualistic fungi grow faster, with larger body size and

lower progeny mortality [4]. Sugars and proteins are essential nutrients for

most organisms, including insects, providing energy and precursors for meta-

bolic processes and tissue building [5]. Not surprisingly, phloem colonized

by mutualistic fungi has higher nutritional quality (amino acids and proteins)

than phloem colonized by commensal or antagonistic fungi [6]. Antagonistic

http://crossmark.crossref.org/dialog/?doi=10.1098/rsbl.2012.0787&domain=pdf&date_stamp=2012-11-28
mailto:sunjh@ioz.ac.cn
http://dx.doi.org/10.1098/rspb.2012.0787
http://dx.doi.org/10.1098/rspb.2012.0787
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org


rsbl.royalsocietypublishing.org
BiolLett

9:20120787

2
fungi can cause reduced brood production and higher

larval mortality [4,7]. In fact, larvae often fail to complete

development when fed phloem colonized by these fungi

[8]. Despite this evidence, it is still unknown whether or

not this antagonism is a result of fungus-induced changes

to the phloem–fungus substrate that larvae feed on.

Relationships between the red turpentine beetle,

Dendroctonus valens LeConte (Curculionidae: Scolytinae) and

its associated fungi have been studied recently [9], and some

detrimental effects of symbiotic fungi were observed [10].

The red turpentine beetle is a phloem-feeding, invasive forest

pest in China, where it has infested more than 500 000 ha

of pine forest and killed over 10 million Chinese pines,

Pinus tabuliformis, since 1999 [11]. The fungi Leptographium
sinoprocerum (a newly described species associated with

D. valens [12]) and L. procerum are the most frequently isolated

species from D. valens and its galleries [9] over its range in

China. Ophiostoma minus, a well-known detrimental fungal

associate of Dendroctonus frontalis [6], can cause reduced brood

production and higher mortality in D. frontalis larvae, and it

also affects larval development in D. valens [10]. Detrimental

fungi can reduce larval abundance in the gallery, which could

ultimately influence bark beetle population dynamics [3].

In order to evaluate whether ophiostomatoid fungi play

an important antagonistic role in their interactions with

bark beetles through modification of nutritional resources,

we first determined which ophiostomatoid fungi were most

commonly associated with D. valens larvae in the field and

then evaluated the effects of fungi on feeding activity and

growth (i.e. body weight change) of D. valens larvae. We

then tested whether specific fungi could modify the nutri-

tional quality (sugars) of the bark beetle diet. Finally, we

evaluated whether the nutritional modifications could

influence the growth of larvae.
2. Material and methods
Adult D. valens were collected from infested P. tabuliformis in Tun-

lanchuan Forestry Farm (Shanxi, China). One female and one male

beetle were introduced into newly cut bolts through a hole made

using a 12 mm diameter cork borer and were covered with a metal

screen to prevent escape [13]. One month later, beetle progeny,

consisting of second and third instar larvae, were extracted from

the bolts and used in the experiments.

Effects of fungus-colonized diet on larval weight and feeding

were tested on phloem medium. Fungi used here were originally

from China, but cultures of them were obtained from stock collec-

tions of the Forestry and Agricultural Biotechnology Institute,

University of Pretoria (O. minus and L. procerum) and the Belgian

Coordinated Collections of Microorganisms (L. sinoprocerum).

Isolation and identification of fungi associated with larvae are

given in the electronic supplementary material.

Phloem powder was made from phloem of P. tabuliformis
(see the electronic supplementary material). Phloem medium

(phloem powder 20 g, agar 10 g, water 300 ml) was prepared,

autoclaved (30 min, 1268C, 0.14 Mpa), and poured into 15 ml

Petri dishes. After cooling, the desired fungal isolate was inocu-

lated and incubated at 258C, RH 70 per cent in darkness for 35

days. Subsequently, 3 cm diameter media discs were made and

transferred into six-well cell culture plates. Larvae were fed on

the sterile medium for a week to avoid contamination [10],

weighed (initial mass of larvae + s.d. ¼ 8.17 + 0.21 mg), and

then randomly assigned to each treatment (medium with

specific fungal isolate) and control (fungus-free media). Each
treatment had 36 replicates. Larvae cannot complete their full

development but can grow on these media (see the electronic

supplementary material), therefore larvae were weighed after

6 days, and weight change was used to represent growth

(dead larvae were excluded: four in control, six in O. minus,

five in L. sinoprocerum, four in L. procerum). Boring activity

was measured and compared across treatments (see the

electronic supplementary material).

Effects of fungi on diet nutritional value and consequences of

nutritional change on larval weight are given in the electronic

supplementary material.
3. Results
Eleven fungal species, including O. minus, L. sinoprocerum,

and L. procerum, were found in association with D. valens
(see the electronic supplementary material, table S1). The

rarefaction analysis shows that this number of fungal species

is a good representation of the fungal flora (see the electronic

supplementary material, figure S1).

Whereas body weight of larvae fed on control medium

increased 2.27 per cent (figure 1a, one-way ANOVA, F3,121 ¼

3.72, p , 0.05). Boring activity was not significantly affected by

fungi (t ¼ 2 0.79, d.f. ¼ 139, p ¼ 0.43, electronic supplementary

material, figure S2).

Fructose and glucose were the dominant sugars in the

fungus-free medium, with contents of 64.82 per cent and

34.29 per cent, respectively, whereas other sugars (saccharose,

maltose and lactose) accounted for only 0.89 per cent of the

total sugar content. Fungi dramatically decreased the level

of fructose (Welch method, F2,6 ¼ 1156.65, p , 0.001) and

glucose (F3,8 ¼ 96.46, p , 0.001) in the media, from approxi-

mately 14 of fructose and 7 mg g21 of glucose (in control)

to nearly zero (table 1). Total sugar content was also signifi-

cantly reduced in fungus-colonized media (F3,8 ¼ 223.43,

p , 0.001).

For each experimentally cultured fungus, the weight of

larvae fed on media with added glucose or fructose increased

significantly compared with the media without additional

sugars (figure 1b: F2,81 ¼ 7.3, p , 0.05; figure 1c: F2,77 ¼

13.38, p , 0.001; figure 1d: F2,77 ¼ 9.53, p , 0.001).
4. Discussion
Our results show that sugars are important nutritional sources

for both bark beetles and their associated fungi, and that fungi

may be competing with beetles for this resource. Reduced

body weight in larvae that fed on fungus-colonized media

(figure 1a), and reduced fructose and glucose contents in

these media (table 1) suggest that sugars are important nutri-

tional elements in D. valens larval development and also that

these fungi (O. minus, L. sinoprocerum and L. procerum) are

detrimental to D. valens larvae. The importance of sugars in

larval development was further confirmed by the increase

in larval weight measured in larvae that were fed on sugar-

supplemented phloem media (figure 1b–d). This might

also be true with other bark beetles associated with fungi; a

similar study also found that a detrimental fungal associate

(Ceratocystis minor) of D. frontalis also reduced the sugar content

(glucose and fructose) of phloem of live hosts (P. taeda) [14].

We provide evidence that may explain the mechanism

underlying the antagonisms previously reported [6]. In
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Figure 1. Average weight change of Dendroctonus valens larvae during a 6-day period after feeding on: (a) the control (sterile medium) and the medium with one
of three fungal species (Ophiostoma minus, Leptographium sinoprocerum and L. procerum) (b) the control (O. minus-colonized medium) and O. minus-colonized
medium with additional sugars (fructose or glucose) (c) the control (L. sinoprocerum-colonized medium) and L. sinoprocerum-colonized medium with additional
sugars (fructose or glucose), (d ) the control (L. procerum-colonized medium) and L. procerum-colonized medium with additional sugars (fructose or glucose). Data
show mean + s.e. Each letter indicates significant differences between treatments ( p , 0.05 SNK multiple-comparison). n ¼ sample size.

Table 1. Mean (+s.e.) contents (mg g21) of sugars in phloem medium. Control, fungus-free medium; O. min, Ophiostoma minus-colonized medium; L. sin ,
Leptographium sinoprocerum-colonized medium; L. pro, L. procerum-colonized medium. Values with the same superscript letter are not significantly different at
a ¼ 0.05.

treatment fructose glucose saccharose maltose lactose total sugar

control 13.96 + 0.37a 7.38 + 0.27a 0.08 + 0.01a 0.07 + 0.00c 0.04 + 0.00c 21.53 + 0.64a

O. min 0.43 + 0.01c 0.86 + 0.18c not detected 0.27 + 0.04c 0.02 + 0.00d 1.57 + 0.20c

L. sin not detected 2.23 + 0.49b 0.06 + 0.01b 2.68 + 0.15a 0.09 + 0.00a 5.06 + 0.45b

L. pro 1.04 + 0.01b 1.01 + 0.22c not detected 2.01 + 0.34b 0.06 + 0.00b 4.12 + 0.14b
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particular, we suggest that fungi indirectly affect larval devel-

opment by depleting sugar content in the phloem. Sugars are

essential nutrients that provide energy and precursors for

tissue building during larval development [5]. Slower larval

development and lower larval weight affect adult beetle size,

which in turn is strongly correlated with adult beetle survival,

dispersal, pheromone production, mate choice and fecundity

[13,15,16]. Antagonistic relationships with ophiostomatoid

fungi via competition for nutritional resources could then

indirectly affect bark beetle population dynamics. Effects of

fungi on D. valens growth under field conditions need to be

further tested, and environmentally sound control strategies

should then seriously consider incorporating associated
fungi in the development of new programmes of D. valens
control.

Although our results support the existence of antagonistic

relationships between D. valens larvae and their associated

fungi in the galleries, there are also beneficial beetle–fungal

relationships in other life stages of D. valens that should not

be ignored. For example, fungal associates have been

shown to induce the release of more attractive pine volatiles

from infected host trees, and these volatiles facilitate aggrega-

tion of D. valens on host trees [8]. Thus, the relationships

between D. valens and its fungal associates are highly context-

dependent [17]. Furthermore, the artificial diet approach

that we have employed here has its limitations, because
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the beetle larvae can grow only for a short period but cannot

complete full development on it. This type of variable sym-

biosis is likely to be found in similar symbiotic systems and

may reflect the diverse living strategies of partners in sym-

bioses under shifting circumstances. Such symbiotic

variability could provide greater flexibility for bark beetles

to adapt to a continually fluctuating environment and
could involve fitness trade-offs between optimizing nutrition

and optimizing aggregation.

We thank Jiri Hulcr, Jacob Wickham, Nancy E. Gillette, three anon-
ymous reviewers for their constructive comments. This work was
funded by the National Natural Science Foundation of China
(31110103903, 31170610 and 31150110146).
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