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Effects of dietary variation on lignocellulose 
degradation and physiological properties 
of Nicobium hirtum larvae
Ni Putu Ratna Ayu Krishanti1,2*  , Yuki Tobimatsu1*  , Osama Ahmed Afifi1,3  , Didi Tarmadi2  , 
Setiawan Khoirul Himmi2  , Toshiaki Umezawa1  , Wakako Ohmura1   and Tsuyoshi Yoshimura1^ 

Abstract 

We investigated the feeding behavior of larvae of the wood-destroying beetle Nicobium hirtum (Coleoptera: Ano-
biidae), an important wood pest in Japan, to determine the effects of dietary variation on lignocellulose degrada-
tion and larval growth and survival. Cultured colonies of N. hirtum larvae were fed artificial diets containing various 
amounts of starch (20, 50, and 80 wt%) mixed with hardwood (Shorea) lignocellulose. The polysaccharide degradation 
by N. hirtum was determined by chemical analyses of the initial artificial diets and fecal residues collected during the 
feeding experiment. Starch was preferentially decomposed when the larvae were fed the high-starch diet, whereas 
the decompositions of cellulose and hemicelluloses were more prominent when the larvae were fed medium- or low-
starch diets. The larvae’s size and survival were recorded periodically to determine the diets’ effects on larval develop-
ment. The survival rates ranged from 60 to 87% and were highest for the larvae fed the medium-starch diet and low-
est for those fed the high-starch diet. Body size was highest in the larvae fed the high-starch diet. Fecal size increased 
along with the larval size increase. Overall, these results suggest that although starch is an essential carbon source for 
N. hirtum larval growth, lignocellulose also plays a key role as a nutrient that maintains the physiological activities of N. 
hirtum larvae and enhances their survival.

Keywords Dietary effect, Larval growth, Nicobium hirtum, Polysaccharide digestion, Wood-boring beetle

Introduction
Wood-destroying insects such as wood borers and ter-
mites cause great economic damage in wood industries 
[1]. Coleopterans are known to exploit live, dead, and 

nearly dead trees and new and old timber with varying 
degrees of decay [2]. With globalization and rapid urban-
ization, the increased use and movement of wood prod-
ucts worldwide ensure that drywood beetles will maintain 
their status as invasive and economically important pests 
[3, 4]. An infestation of wood by drywood beetles can 
be recognized by the presence of numerous “shot-holes” 
on the surface. This damage is primarily the result of the 
beetle larvae’s feeding, and it varies based on the species 
and their feeding preferences [5]. Among the drywood 
beetles, anobiid beetles have a broad range of diet sub-
strates and have attacked many historic wooden struc-
tures and artifacts in Japan [6, 7]. The larvae of anobiid 
beetles have strong-toothed mandibles that can seriously 
damage beams, joists, and other structural components 
of buildings. Unlike powder-post beetles, anobiid beetles 
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are capable of attacking (by oviposition and larval feed-
ing) both hardwood and softwood trees and digesting the 
cellulose of wood while being less dependent on starch 
[8–10]. Anobiid beetles can attack and infest many types 
of wood, regardless of the age of the tree [11, 12].

The nutritional challenges within the beetle digestive 
system are an essential factor affecting the insect’s per-
formance and survival. The major nutrients present in 
wood are starch, hemicelluloses, and cellulose. Larvae 
of some wood-boring beetles may be restricted to using 
only starch, but the larvae of other species can digest 
cellulose with the help of intestinal microbial symbi-
onts [13, 14]. These symbiotic microorganisms sup-
port cellulose digestion by supplying the plant cell wall 
degradation enzymes (PCWDEs) needed to decompose 
the biopolymers that constitute lignocellulose, i.e., cel-
lulose, hemicelluloses, and lignin, in woody plant cell 
walls [15–18].

Insects’ consumption of a nutrient-rich diet can 
result in a higher body mass and a shorter life cycle [19, 
20]. Anobiid beetles, which chew and eat timber, most 
likely evolved the ability to degrade wood lignocellulose 
as the source of nutrients. However, since these beetles 
typically prefer digesting starch to cellulose, cellulose 
itself may not be the ideal dietary component for the 
growth of anobiid beetle larvae [5, 13]. Anobiid bee-
tles have a broad range of substrates for their diet. The 
majority of anobiid larvae feed on dry hardwood and 
softwood, and some prefer softwood to hardwood [8–
10]. Variations in the levels of nutrients in the diet may 
affect the biology and digestive physiology of anobiid 
beetles [21–24].

Several varieties of wood-boring beetles have been 
successfully mass-reared after the examples provided 
by Kartika and Yoshimura [19, 25]. A culture of the 
anobiid beetle Nicobium hirtum (Coleoptera: Anobii-
dae), one of the most important wood product pests in 
Japan [6, 7], was successfully mass-bred in the labora-
tory [25]. Using this culture system, we recently showed 
that N. hirtum larvae can degrade starch, cellulose, and 
hemicelluloses in softwood and hardwood lignocellu-
lose diets [25]. Such polysaccharide degradation could 
be facilitated by structural modifications of recalcitrant 
lignin polymers in the larval digestive system [26]. It 
was also observed that different types of lignocellu-
lose diets (i.e., softwood vs. hardwood) have significant 
impacts on the survival and growth of N. hirtum lar-
vae [26]. However, the details of how starch and ligno-
cellulose content in the diet affects the physiological 
responses of N. hirtum larvae have not been known. In 
the present study, we compared the effects of artificial 
diets with different contents of starch and hardwood 
lignocellulose compounds on the survival and growth 

of N. hirtum larvae. We also analyzed the chemical 
composition of both the original undigested diets and 
digested fecal residues to obtain information about the 
N. hirtum digestive system’s degradation of the various 
diets.

Materials and methods
Insects
N. hirtum larvae were raised at the Deterioration Organ-
isms Laboratory (DOL), Research Institute for Sustain-
able Humanosphere (RISH), Kyoto University, Japan [25, 
26]. The larvae were raised in a controlled-growth cham-
ber maintained at 26 °C and 65% relative humidity (RH) 
and a photoperiod of 12/12 h (light/dark) with an artifi-
cial diet consisting of 50% (w/w) starch, 24% (w/w) yeast 
extract, and 26% (w/w) Shorea sp. sawdust [19, 25–28]. 
Fifteen middle-stage (i.e., third- to fourth-instar) larvae 
were randomly collected for each feeding experiment and 
allocated for the subsequent feeding experiments.

Artificial diet preparations
The artificial diets used in this study had three compo-
nents: soluble starch (Nacalai Tesque, Kyoto, Japan), pro-
teins from dried brewer’s yeast powder (Asahi Food and 
Health Care, Tokyo, Japan), and sapwood lignocellulose 
(Shorea sp., 20–40 mesh size) used as filler. Low-starch 
(LS), medium-starch (MS), and high-starch (HS) diets 
(Fig. 1) were prepared with the starch and lignocellulose 
composition listed in Table 1. The three diet components 
were mixed with distilled water, compacted into blocks 
[20 (length) × 20 (width) × 20 (height) mm], oven-dried 

Fig. 1 Whole view (a) and magnified horizontal (b) and vertical (c) 
surfaces of artificial diets used in this study. LS, low-starch content 
diet. MS, medium-starch content diet. HS, high-starch content diet
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at 60 °C for 3 days, and kept in a chamber maintained at 
26  °C and 65% RH until they were used for the feeding 
experiment. 

Feeding experiments
Fifteen larvae were subjected to each feeding experi-
ment using the three (LS, MS, and HS) diets. Each larva 
was placed into a hole (3.5  mm diameter, 5  mm depth) 
in the center of each diet block and allowed to grow in 
an incubator chamber maintained at 25  °C and 65% RH 
for 6  months [25, 26]. The number of living larvae was 
recorded each month. At the end of the feeding experi-
ments (after 6  months of feeding), the body weights 
of the larvae were recorded with an electronic balance 
(series GH-252, A&D, Tokyo, Japan), and the head width 
and body length of the larvae were measured with a digi-
tal microscope (VHX-5000, Keyence, Osaka, Japan). The 
cylindrical fecal residues were collected by the removal of 
non-fecal particles by passing the fecal samples through 
a 20–40 mesh screen. The collected fecal residues were 
subjected to chemical analyses (see below) and size 
measurements using the digital microscope as described 
by Zega et al. [29]. The remaining diet blocks were oven-
dried at 60  °C for 3 days and weighed to determine the 
mass loss during the feeding period.

Chemical analysis of the fecal residues and original diets
The collected fecal residues and original (undigested) diet 
samples were pulverized into fine powder with a Tissue-
Lyzer II (Qiagen, Tokyo, Japan). First, the starch contents 
of the digested fecal residues and original diet samples 
were determined by measuring the glucose released by 
treatment with α-amylase and amyloglucosidase (Mega-
zyme, Wicklow, Ireland) [30]. The contents of other sugar 
units in crystalline cellulose and non-crystalline hemi-
cellulosic glycans were subsequently determined by the 
two-step acid hydrolysis method using trifluoroacetic 
acid and sulfuric acid [31, 32]. The lignin contents were 
determined by a thioglycolic acid lignin assay [33]. For 
the analysis of the lignin composition, analytical thioacid-
olysis [31, 34] was performed on cell wall residue (CWR) 
samples prepared by a sequential extraction of the fecal 

residues and original undigested diet samples with water 
and 80% ethanol in water [26, 32]. All chemical analyses 
were performed with three replicates.

Statistical analysis
Student’s t-test (p < 0.05) and a one-way analysis of vari-
ance (ANOVA) followed by Tukey’s honestly significant 
difference (HSD) test (p < 0.05) were performed using 
IBM SPSS Statistics ver. 27 (IBM Corp., Armonk, NY, 
USA).

Results
Starch and lignocellulose degradation in the different diets
To investigate the effect of lignocellulose diets on the 
digestive system of N. hirtum, we first characterized the 
carbohydrate contents, including starch, cellulose, and 
hemicelluloses in the artificial diets before digestion (i.e., 
the original undigested diets) and after digestion (the 
fecal residues). As shown in Table  2, the starch content 
of the digested fecal residues was significantly depleted 
compared to the corresponding undigested original diets 
(p < 0.05). The depletion was greatest (ca. 50%) for the LS 
and MS diets and only 17% for the HS diet. The cellulosic 
glucan decreased by 17% in the LS diet and increased in 
the HS (by 48%) and MS (34%) diets. These results indi-
cated that although the larvae digest starch in preference 
to cellulose, they utilize cellulose for nutrition if there is 
a shortage of starch in the diet. Like cellulose-derived 
glucose, some hemicellulosic sugars, such as glucose 
and xylose, were clearly and relatively increased in the 
digested fecal residues from the MS and HS diets but not 
in the digested fecal residues from the LS diet (Table 2). 
This result suggested that similar to cellulosic glucose, 
hemicellulosic glucose and xylose were at least partially 
digested by the larvae when there was a shortage of 
starch in the diet. On the other hand, the mannose con-
tent decreased significantly by 40%–48% compared to the 
original undigested diets in all of the fecal residue sam-
ples (Table 2). Therefore, the larvae may digest mannose 
in preference to other cellulosic and hemicellulosic sug-
ars, even in the presence of abundant starch in the diet. 
Conversely, the arabinose content increased in all of the 
fecal residue samples (Table 2), suggesting that the larvae 
tend to avoid arabinose, even when there is a shortage of 
starch in the diet.

The lignin content was relatively increased by more 
than 50% in the digested fecal residues from the LS and 
MS diets (Table 2), indicating that the majority of lignin 
polymers remained in the fecal residue. Nevertheless, 
the increase in lignin was relatively low (19%), with no 
significant differences between the original LS diet and 

Table 1 Composition of artificial diets used in this study

Diet Low-starch 
diet (LS)

Medium-
starch diet 
(MS)

High-
starch 
diet (LS)

Composition (%, w/w)

 Starch 20 50 80

 Shorea wood powder 70 40 10

 Dry yeast 10 10 10
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the digested fecal residue samples from the LS diet. This 
result suggested that, as we have observed in the diges-
tion of wood lignocellulose by N.  hirtum larvae [26], 
lignin could be at least partially degraded along with 
starch and lignocellulosic polysaccharides in the LS diet 
samples. However, the lignin compositional analysis by 
analytical thioacidolysis did not detect any significant 
differences between the original and digested samples in 
this study (Table 3).

Larval survival and growth characteristics
We next investigated the effects of dietary variation on 
the growth characteristics of N. hirtum larvae. The larval 
survival during 6 months of feeding is depicted in Fig. 2a. 
The larvae fed the HS diet showed a rapid decline in sur-
vival from the beginning of feeding, reaching a plateau at 
53% survival after 3  months of feeding. In contrast, the 

larvae fed the MS or LS diet maintained a 100% survival 
rate at 1  month of feeding; the survival rates started to 
decline after 2  months of feeding, more slowly than 
the decline observed in the larvae fed the HS diet. The 
reduction in the survival rate was more remarkable for 
the larvae fed the HS diet than for those fed the MS diet. 
Consequently, the final survival rates of the larvae after 
6 months of feeding were MS (80%) > LS (60%) > HS (53%) 
(Fig. 2a, Additional file 1: Table S1). These results indicate 
the importance of the diet composition, i.e., the balance 
of starch versus lignocellulose, for the survival of N. hir-
tum larvae.

Both the diet weight loss (Fig.  2b, Additional file  1: 
Table  S1) and the increase in the body weight of the 
larvae that survived after 6  months of feeding (Fig.  2c, 
Additional file  1: Table  S1) were positively correlated 
with the starch content of the diet (HS ≥ MS > LS). It was 

Table 2 Starch and lignocellulose compositional analyses of original artificial diets and fecal residues of N. hirtum larvae

Values are mean ± standard deviation from three independent runs (n = 3). Asterisks indicate significant differences between fecal residues and original diets 
[Student’s t-test, p < 0.05 (*), p < 0.01 (**)]. Bold values of %Change indicate significant decrease or increase in fecal residues compared with original diets
a Glucose released via treatment with α-amylase and amyloglucosidase
b Glucose released from trifluoroacetic acid-insoluble fractions
c Monosaccharides released from trifluoroacetic acid-soluble fractions
d Determined by thioglycolic acid lignin assay

Content (mg/g 
diet or fecal 
residues)

Low-starch diet (LS) Medium-starch diet (MS) High-starch diet (HS)

Original Digested % Change Original Digested % Change Original Digested % Change

Starcha 137.7 ± 4.7 64.6 ± 1.2** − 53 343.2 ± 20.6 182.6 ± 13.4** − 47 562.9 ± 13.3 467.5 ± 19.6** − 17
Celluloseb 291.7 ± 8.0 242.1 ± 14.8* − 17 167.2 ± 1.5 224.6 ± 12.8** 34 85.1 ± 1.1 125.9 ± 3.6** 48
Hemicellulosesc

 Glucose 18.8 ± 0.7 20.0 ± 1.0 6 11.4 ± 0.2 15.1 ± 1.0** 32 9.1 ± 0.3 10.0 ± 0.5* 10
 Xylose 33.6 ± 1.6 33.9 ± 1.3 1 19.6 ± 0.7 24.0 ± 1.0** 22 11.9 ± 0.3 14.9 ± 0.7** 25
 Mannose 7.5 ± 0.2 3.9 ± 0.2** − 48 4.7 ± 0.0 2.8 ± 0.0** − 40 5.3 ± 0.2 2.8 ± 0.1** − 47
 Galactose 3.9 ± 0.1 3.5 ± 0.1* − 10 2.2 ± 0.1 2.6 ± 0.1** 18 1.6 ± 0.1 1.4 ± 0.1* − 13
 Arabinose 1.5 ± 0.1 1.8 ± 0.1** 20 1.0 ± 0.1 1.4 ± 0.1** 40 0.5 ± 0.0 0.8 ± 0.1** 60
 Total 65.2 ± 2.5 63.1 ± 2.6 − 3 38.9 ± 0.6 45.9 ± 1.9** 18 28.4 ± 0.8 29.9 ± 1.4 5

  Lignind 206.5 ± 10.4 246.3 ± 7.5 19 136.3 ± 2.6 215.6 ± 10.3** 58 57.1 ± 3.1 87.0 ± 4.2** 52

Table 3 Thioacidolysis-based lignin compositional analysis of original artificial diets and fecal residues of N. hirtum larvae

Thioacidolysis was performed on cell wall residue (CWR) samples prepared by sequential extraction of the original diet and fecal residue samples collected after 
6-month feeding. Values are mean ± standard deviation from three independent runs (n = 3). No statistical significancy (Student’s t-test, p < 0.05) was detected 
between the lignin-derived monomers released from the fecal residues and original diets

S syringyl-type monomer, G guaiacyl-type monomer, H p-hydroxyphenyl-type monomer, LS low-starch diet, MS medium-starch diet, HS high-starch diet

Low-starch diet (LS) Medium-starch diet (MS) High-starch diet (HS)

Original Digested Original Digested Original Digested

Lignin monomer composition (% per S + G + H)

 Syringyl, S 55.1 ± 0.4 55.7 ± 0.1 54.8 ± 0.3 55.2 ± 0.3 55.2 ± 0.7 55.3 ± 0.5

 Guaiacyl, G 44.8 ± 0.4 44.1 ± 0.1 45.1 ± 0.3 44.6 ± 0.3 44.6 ± 0.7 44.5 ± 0.5

 p-Hydroxyphenyl, H 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

 S/G ratio 1.23 ± 0.2 1.26 ± 0.1 1.22 ± 0.2 1.24 ± 0.2 1.24 ± 0.4 1.24 ± 0.3
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also apparent that the larval body weight was linearly 
correlated with the diet weight loss (Fig.  2d, Additional 
file  1: Table  S1). The effects of dietary variation on the 
physical characteristics of the larvae were further inves-
tigated (Fig.  3, Table  4). Body length (Fig.  3b) and total 
body weight were also positively correlated with the 
starch content of the diet (HS > MS > LS), whereas head 
width (Fig.  3a) was not affected by the dietary varia-
tion (Table  4). Collectively, these results emphasize the 
importance of dietary starch for N. hirtum larval growth, 
although, as demonstrated above (Fig.  2a), appropriate 
amounts of lignocellulose in the diet are important for 
the survival of N. hirtum larvae.

Morphology of digested fecal residues
We also investigated the morphology (width, length, 
maximum diameter, minimum diameter, and perimeter) 

of the cylindrical fecal residue pellets for each dietary 
treatment (Fig. 3c). A total of 1,140 fecal residue pellets 
from larvae fed the three different diets (421, 422, and 
297 pellets from larvae fed the LS, MS, and HS diets, 
respectively) were collected and measured by an imag-
ing analysis [29]. As shown in Table 4, the mean values of 
the maximum diameter (length) and minimum diameter 
(widest width) differed among the diets. Because the lar-
val body length and weight were greatest for the larvae 
fed the HS diet (Fig. 2, Table 4), the size of their fecal resi-
due pellets was also greatest, followed by the larvae fed 
the MS diet and those fed the LS diet (Table 4).

The shape ratio (SR) score indicates the general out-
line of fecal residue samples, and the enclosure ratio 
(ER) score is a further classification of the SR. Interest-
ingly, the differences in diet did not affect the SR or the 
ER; there were no significant differences in the SR or ER 
among the diets. Notably, differences in the diet affected 

Fig. 2 Physiological characterizations of N. hirtum larvae fed with artificial diets. Survival rate (a) during the feeding period, and diet weight loss 
(b), larvae body weight increase (c) and the relationship between diet weight loss and larval body weight (d) after 6 months of feeding period 
are shown. Value refers to mean ± standard deviation. Different letters (A, B, and C) indicate significant differences among the diet treatments 
(Tukey HSD test; p < 0.05). Individual diet weight and larval body weight data are listed in Additional file 1: Table S1. LS, low-starch content diet. MS, 
medium-starch content diet. HS, high-starch content diet
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the size of the fecal residue samples of the larvae but did 
not affect the shape or outline of the fecal residue pellets 
(Table 4).

Discussion
Like many other xylophagous insects [35, 36], the larvae 
of the anobiid beetle N.  hirtum prefer to utilize starch 
rather than lignocellulose components as a major source 
of nutrients (Table 2). However, we observed that N. hir-
tum larvae seemed to adjust their feeding preference to 
lignocellulose over starch depending on the availability 
of starch in the diet (Table 2). With the high availability 
of starch, the larvae digested primarily starch for assimi-
lation, and when the availability of starch was low, the 
larvae degraded lignocellulosic polysaccharides such as 
cellulose and a part of hemicelluloses along with starch 
(Table 2). These results suggest that N. hirtum larvae tend 
to utilize lignocellulosic polysaccharides as an alternative 

carbon source when there is a shortage of starch, which is 
a more preferential carbon source.

Anobiid beetles can attack both softwood and hard-
wood indiscriminately. When fed on softwood (pine) 
lignocellulose, the larvae of N. hirtum are highly capa-
ble of degrading hemicellulosic polysaccharides, espe-
cially glucomannan, which is the major hemicellulosic 
component in softwood lignocellulose [26]. In the pre-
sent study, a preferential digestion of hemicellulosic 
mannan was also observed when a hardwood (Shorea 
sp.) was used as the primary source of lignocellulose 
(Table  2). Even though xylan (glucuronoxylan) is the 
major hemicellulosic sugar in hardwood, N. hirtum lar-
vae consumed mannan in preference to other hemicel-
lulosic sugars (such as xylan), even with the HS diet. 
Xylophagous insects must overcome the lignin barrier 
to efficiently degrade plant cell wall polysaccharides. 
Our present experiment revealed that the lignin content 
largely increased after digestion, particularly with the 
MS and HS diets, due to the preferential degradation of 
starch and lignocellulose polysaccharides (Table 2). The 
increase in the lignin content was less prominent with 
the LS diet (Table 2). Thus, as our previous analysis of 
lignocellulose degradation by N. hirtum larvae showed 
[26], with the present LS diet treatment, lignin may 
have been at least partially degraded to further enhance 
the polysaccharide degradation. Such structural modifi-
cations and degradation of lignin by other xylophagous 
insects, especially termites, have been documented [32, 
37–41].

There were clear positive correlations between the 
starch content in the diet and the body size and weight 
of the larvae, as well as the fecal size (Fig. 2, Table 4). 
These results affirmed that starch is an essential nutri-
ent in the growth of N. hirtum larvae. However, inter-
estingly, the larvae fed the starch-rich HS diet displayed 
a more prominent decline in the survival rate com-
pared to the larvae fed the lignocellulose-rich LS and 
MS diets (Fig. 2a). Therefore, although the larvae need 

Fig. 3 Morphology of N. hirtum larvae after feeding with artificial 
diets for 6 months. Facial (a), and whole body (b), of the larvae and 
cylindrical fecal residue pellets (c). LS, low-starch content diet. MS, 
medium-starch content diet. HS, high-starch content diet

Table 4 Larval and fecal size measurements of N. hirtum fed on different artificial diets

Different letters (A, B and C) indicate significant differences among the diet treatments (Tukey HSD test, p < 0.05)

Diet Larval size Fecal size

Head width 
(mm)

Body length 
(mm)

Body weight 
(mg)

Width (µm) Length (µm) Perimeter (µm) Shape 
ratio 
(SR)

Enclosure 
ratio (ER)

Low-starch diet 
(LS)

1.6 ± 0.1A 4.3 ± 0.2A 13.7 ± 1.7A 267.0 ± 9.9A 636.8 ± 19.8A 1708.6 ± 61.7A 0.4A 0.9A

Medium-starch 
diet (MS)

1.6 ± 0.1A 4.7 ± 0.2B 17.7 ± 1.9B 287.8 ± 4.9A 710.7 ± 10.9B 1945.4 ± 43.5B 0.4A 1.0A

High-starch diet 
(HS)

1.6 ± 0.0A 5.5 ± 0.3C 21.0 ± 2.6C 309.5 ± 7.1B 750.9 ± 7.7C 2076.5 ± 64.8B 0.4A 1.0A
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starch as a continuous source of carbon and energy, lig-
nocellulose also provides vital nutrition to support the 
physiology of N. hirtum larvae for survival.

The quantity and quality of food are significant deter-
minants of body size and other characteristics of adult 
insects, affecting their growth rate, development time, 
hormones related to metamorphosis, and combinations 
of these factors during the larval stages. Differences in 
body size resulting from differences in the larval feed-
ing period have been reported by Shafiei et  al. [42] 
and Emlen [43], who observed that a variation of the 
food provided during larval development can trigger 
metamorphosis pupae. A positive correlation between 
food quantity and quality was reported for rhinoceros, 
dung, and stag beetles [42, 44, 45]. In the dung beetle 
Onthophagus taurus, only larvae that reach a criti-
cal weight threshold before pupation become horned 
(major morph) males [42]. The main cause of intraspe-
cific differences in body size among wild stag beetles is 
thought to be the availability of food (decayed wood) 
in their natural habitat [45–47]. Larvae of the stag bee-
tle Cyclommatus metallifer reared on greater amounts 
of food had greater mandibular lengths, longer larval 
periods, and higher pupal weights than those reared on 
lower amounts of food [45]. Nutrient levels and protein 
deficiencies in the diet often affect diet suitability and 
larval survival [48]. Intriguingly, study of the termite 
Coptotermes formosanus reported that lignin in lig-
nocellulose-based diets was hardly utilized as a major 
nutrient source but had marked positive effects on the 
survival rate of the termite workers as well as the main-
tenance of the lignocellulose-degrading protistan gut 
symbionts when fed with polysaccharides [49].

Overall, our present results emphasize the importance 
of lignocellulose components as nutrients that main-
tain the physiological activities of N. hirtum larvae and 
enhance their survival, although starch is an essential 
nutrient promoting the growth of the larval body. The 
survival of xylophagous insects may depend on physi-
ological mechanisms such as insect responses to physico-
chemical changes in host plants and food, morphological 
characteristics of digestive organs, and biochemical char-
acteristics of the principal digestive enzymes, as well as 
on the gut symbiotic fauna. Analyses of the gut symbi-
otic microbial community of N. hirtum fed different diets 
would provide further insights into the nutritional effects 
of lignocellulose and the mechanisms that underlie the 
biodegradation of lignocellulose in the gut digestive 
system.

Conclusions
The lignocellulose decomposition and physiological 
responses of N. hirtum larvae fed artificial diets with 
varied starch and lignocellulose composition were 
investigated. Chemical analyses of the fecal residues 
and original undigested diets demonstrated that the N. 
hirtum larvae digested primarily starch when they were 
fed the high-starch diet, whereas the decomposition 
of cellulose and hemicelluloses (especially mannan) 
became more prominent when the larvae were fed the 
medium- and low-starch diets. The larvae fed the high-
starch diet grew faster and developed larger bodies, 
albeit with a prominently declined survival rate, com-
pared to the larvae fed the medium- and low-starch 
diets. Thus, although starch is important for larval 
growth, lignocellulose is also important for maintain-
ing the physiological activities of N. hirtum larvae and 
enhancing their survival rate. Further studies of the gut 
symbiotic microbial community of N. hirtum may help 
to elucidate the mechanisms of lignocellulose biodeg-
radation by xylophagous insects and contribute to the 
development of innovative strategies for the biomass 
conversion industry.
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