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Abstract 13 

Scarcity or inadequate nutrition can affect biological and behavioural aspects of subterranean termites and their 14 

intestinal protozoan profile. The aim of this work was investigate changes in survival, cannibalism, body mass and 15 

protist community structure of Reticulitermes lucifugus Rossi subspecies “Sicily” following starvation, to understand 16 

the termite survival strategy under stressful conditions. In nature this termite consumes many food source and its 17 

feeding activity is continuous during the year. In the experiments, groups of 50 termites (worker/soldier ratio 49:1) were 18 

subjected to two diets, starvation and filter-paper diet (as control), kept for 35 days with 7-day intervals of inspection 19 

and compared with field collected termites. Under starvation termite survival decreased to 0% after 35 days for both 20 

workers and soldiers, cannibalism rate was on average 84% and 100% of workers and soldiers respectively, and body 21 

mass of workers decreased from 3.5 mg/worker (first day of test) to 2.05 mg/worker (last day of test). The community 22 

structure and abundance of the intestinal protozoa of workers changed to dependence on the diet. Starvation caused the 23 

loss of four, six and two protist species after 7, 14 and 28 days, respectively, persisting only one species after 35 days. 24 

In most inspection dates, results were significantly different from those of filter paper fed and field collected groups. 25 

This work suggests that under starvation or inadequate nutrition, R. lucifugus “Sicily” adopts behavioural mechanisms 26 

to maintain its social structure, and also the symbiotic intestinal community varies to adapt to different diets, in 27 

dependence on the division of labour among protist species in the lignocellulose digestion.  28 

  29 
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 31 

Introduction 32 

Reticulitermes lucifugus (Rossi) (Blattodea, Termitoidae, Rhinotermitidae) is the most abundant species of 33 

Reticulitermes genus in Italy (Ghesini and Marini 2012). A taxon of subspecific level, has been identified in the Sicily 34 

region and named R. lucifugus ‘‘Sicily’’ (Luchetti et al. 2004; 2013). Colonies of this species are composed by 35 

numerous individuals (several tens of thousands) of which the soldiers represent a small quantity (Sbrenna and 36 

Micciarelli Sbrenna 2008). R. lucifugus consumes many food source in nature and causes mainly damages to wooden 37 

structures of buildings of the historical and artistic heritage. A previous work (Buchli 1958) reports that the nutrition has 38 

effects on caste differentiation of R. lucifugus because, if inadequate, it can suppress the formation of soldiers and 39 

neotenics in laboratory colonies. Many researches on subterranean termites showed that the scarcity and/or type of food 40 

sources can influence their survival, cannibalism, and body mass (Smythe and Maulding 1972; LaFage 1976; LaFage 41 

and Nutting 1978; Haverty and Howard 1979; Song et al. 2006; Hu et al. 2011). Starvation leads to an increase in the 42 

mortality rate of termites than those with a food supply. Cannibalism also increases when termites face long periods of 43 
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starvation. Cannibalism can be caste-specific, when starved workers consume more soldiers before eating other workers 44 

(Su and LaFage 1986; Song et al. 2006). It is selective when weaker individuals are eliminated as a mechanism of 45 

survival strategy to maintain fittest members in the termite colony (Hu et al. 2011). It is well known that lower termites 46 

harbours in their hindgut a complex of microorganisms necessary for the digestion of woody materials, nitrogen 47 

fixation, recycling, vitamin production, and acetogenesis (Honigberg 1970; Breznak and Switzer 1986; Ohkuma 2008; 48 

Brugerolle and Radek 2006; Purdy 2007; Tartar et al. 2009; Scharf et al. 2011; Brune and Dietrich 2015). The role of 49 

the protozoan fauna is fundamental in the lignocelluloses digestion by termites and in maintaining the physical–50 

chemical equilibrium inside the termite hindgut (Brune and Ohkuma 2011). This fact has been demonstrated by 51 

eliminating gut protists (Cleveland 1923; 1924). Literature reported that starvation or insufficient nutrition can cause 52 

changes on termite symbiotic protists. In fact, there may be numerical reduction or elimination of some protist species 53 

in relation to the presence or absence of different nutritional components of food (Cleveland 1924; Mannesmann 1973; 54 

Haverty and Howard 1979; Breznak and Brune 1994; Yoshimura 1995; Inoue et al. 1997; Belitz and Waller 1998; Cook 55 

and Gold 2000; Smith and Koehler 2007). R. lucifugus “Sicily” harbours 13 protist species (Grassi and Foà 1911; Lo 56 

Pinto et al. 2017) belonging to the families Pyrsonymphidae, Holomastigotoididae, Monocercomonadidae and 57 

Trichonymphidae. Termite foraging in nature is affected by natural factors that can lead to periods of starvation or 58 

inadequate nutrition and consequent loss of protist symbionts (Esenther 1969; Forschler and Henderson 1995; 59 

Cleveland 1925). We previously found protist species in the hindgut of workers and soldiers of R. lucifugus “Sicily” 60 

during the whole year, as result of continuous feeding activity in field (Lo Pinto et al. 2016). Therefore, we 61 

hypothesized that this termite could adopt a survival strategy under stressful conditions due to absence or scarcity of 62 

food and its protist community could change to enhance survival. In order to verify this hypothesis, the purpose of this 63 

work was to investigate effects of starvation (no source of cellulose offered to the termites) on survival and cannibalism 64 

rate, body mass loss and changes in the abundance of the intestinal protists species of R. lucifugus “Sicily”, in 65 

comparison with filter-paper fed and freshly field collected termites. 66 

 67 

Materials and methods 68 

Insects 69 

To evaluate effects of starvation on R. lucifugus “Sicily”, individuals were collected from a field site of Palermo 70 

(38°6’25.72”N; 13°21’2.22”E) (Sicily, Italy). Blocks of ten fir tablets (each 10 cm x 10 cm x 1 cm), held together by an 71 

elastic band and installed inside open-bottomed buckets placed in the ground at 30 cm depth, approximately one meter 72 

from each other, were used. The blocks were covered with crocks to maintain the necessary moisture.  73 
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For experimental tests, one of three blocks was taken from the ground and brought to the laboratory (25 °C, 60 % R.H.), 74 

and termites were collected from it. Workers with dark brown and distended abdomens were selected to ensure they had 75 

not recently molted whereas soldiers were chosen randomly. All termites were collected from the colony of field and 76 

used on the day of start of the experiment. Intact termites were used after their examination under a stereomicroscope to 77 

be sure that they were healthy and not missing body parts. Termites were subjected to two different diets: starvation (no 78 

source of cellulose offered to the termites) and filter paper with distilled water (as control). For experiments on body 79 

mass and intestinal protist species a further comparison was made with freshly field collected termites fed with natural 80 

source. 81 

 82 

Experimental unit 83 

The experimental units were Petri dishes (6.0 cm in diameter and 1.5 cm high) with 10 g of sterilized sand and 1.2 ml of 84 

distilled water to maintain the necessary moisture. In the control, also a piece of moistened filter paper (4.7 cm in 85 

diameter, Whatman # 541) was put in each Petri dish as food supply. Following the introduction of termites, Petri 86 

dishes were sealed with Parafilm (American National Can, Menasha, WI) and placed in a glass box (70 x 35 x 35 cm) 87 

darkened by black cardboard, with two deionized distilled water containers. This box was kept in a conditioned 88 

chamber at 24 ± 1°C and 70 ± 5% RH. In total, there were 60 experimental units (30 starved and 30 control groups). 89 

 90 

Experiment 1: effects on survival and cannibalism 91 

Termites collected from block of field were chosen in groups of 50 termites, in their natural worker/soldier ratio of 49:1, 92 

and introduced into the experimental Petri dishes. Observations were made at 7-day intervals for 35 days (5 93 

inspections). At each inspection date, 6 Petri dishes from both starved and control groups were examined under a 94 

stereoscope and the number of survivor intact, survivor cannibalized, dead intact, and dead cannibalized termites was 95 

recorded. Cannibalized termites were classified if their appendages or body parts partially or completely were missing. 96 

Among dead cannibalised termites we also considered the missing termites. After each observation the Petri dishes with 97 

the remaining termites were eliminated.  98 

 99 

Experiment 2: body mass loss 100 

To evaluate the body mass loss, 3 groups of five intact live workers were randomly selected from freshly field collected 101 

(natural diet), starved and filter-paper fed termites and each group was weighed on an electronic analytical balance (M-102 

AAA, ORMA, Eurotek, Milano, Italy). Groups from freshly field collection and those fed with filter paper were 103 

examined at the first day and 30 days of experiment, respectively, while groups from starved termites at 6, 8, 13, 15 104 
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days of experiment. However, the test on starved workers was considered finished at 13 days because only two alive 105 

termites were found at 15-day inspection date. There were 3 replicates of 3 groups per each diet category whit 9 weighs 106 

at each observation date, making a total of 45 experimental units. 107 

 108 

Experiment 3: changes in the abundance of the intestinal protists species 109 

For protist species counting, data were detected on the first day of the experiment in the termites freshly collected from 110 

the field, and at 7-day intervals up to 28th day of experiment in starved and paper-fed termites. At each dates of 111 

inspection, 18 live workers were randomly selected from each group (freshly field collected, starved and paper-fed 112 

termites) and the gut contents from 3 termites were pooled to form a sample, using then 6 samples. According to a 113 

previously described method (Lo Pinto et al. 2016) the last two abdominal segments of the body were removed gently 114 

using fine-tipped forceps. Gut contents were put into 60 μl salt solution (NaCl 0.8 g, KCl 0.02 g, CaCl2 0.02 g, 115 

NaHCO3 0.01 g in 100 ml distilled water) in which neutral red was dissolved (0.5 ml of 1 % aqueous neutral red 116 

solution into 10 ml salt solution). A small amount of samples was placed in a cell counting chamber (such as Burker’s 117 

chamber HBG Germany), where two counting sections were randomly slected. Counting of protists was performed 118 

under a Leitz Dialux 20 EB microscope (phase contrast) at 400x magnification. The calculation of the average number 119 

of protists per hindgut (XF) was made as follows: XF =G x n/V x 3, where G is volume of solution containing the three 120 

hindguts (60 μl), n is mean of the two countings; V is volume of the counted area (in μl). 121 

 122 

Statistical analysis 123 

Differences in the survival and cannibalism rate from experiment 1, were analysed by two-way analysis of variance 124 

(ANOVA) (P < 0.05). Differences in body mass from experiment 2, and intestinal protozoa profile from experiment 3 125 

were tested by one-way analysis of variance (ANOVA) (P < 0.05). Significant differences between the means were 126 

separated using Tukey’s multiple comparison test. Before data analysis, survival and cannibalism proportional data 127 

were arcsine transformed and body mass and protist species data were square root transformed (x+0.5). However, 128 

untransformed data are provided in the figures and tables for their interpretation. Statistical analysis were performed 129 

using Statistica 7.0 for Windows Package (Stat Soft Inc. 2001). 130 

 131 

Results 132 

Effects on survival and cannibalism 133 

After 35 days of starvation, for both workers and soldiers survival was 0% (Figure 1A; Figure 2A) whereas in the 134 

control group (filter paper diet) it was 83% and 66%, respectively (Figure 1B; Figure 2B). During the period of 135 
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starvation, worker mortality increased gradually from 26% (first inspection) to 100% (last inspection) and cannibalism 136 

was on average 84% on dead workers and 1.7% on survivor workers. Survivor intact workers were found up to 28-day 137 

inspection, survivor cannibalised workers until 21-day inspection whereas dead intact workers and dead cannibalized 138 

workers were detected at each inspection date. Soldier mortality ranged from 33% (first two inspections) to 100% 139 

(subsequent inspections) with cannibalism of 100% at each inspection date. Survivor intact soldiers were found until 140 

14-day inspection, whereas survivor cannibalized soldiers and dead intact soldiers were not observed (Figure 2A). In 141 

the control group, mortality of workers was 11% on average, ranging from 6% (third inspection) to 17% (last 142 

inspection) (Figure 1B), and that of soldiers was 33% (last two inspections) (Figure 2B). Cannibalism was 100% on 143 

dead individuals in both castes. Survivor intact workers and soldiers, and dead cannibalised workers were found at each 144 

inspection date, whereas dead cannibalized soldiers were detected from 28-day inspection to the last observation. 145 

Survivor cannibalised and dead intact workers and soldiers were not found (Figures 1B and 2B).  146 

Comparisons between two groups (starved and control termites) showed that worker survival in the starved group was 147 

significantly lower than that in the control group during the experiment, except for 7-day inspection date (F= 9.47; P= 148 

0.0002). Starved dead cannibalized workers differed significantly from those of control groups (F= 32.82; P= 0.0000). 149 

Survivor soldiers and dead cannibalized soldiers of starved group were statistically different from those of the control 150 

group from 21-day inspection to 35-day inspection (F= 20.25; P=0.0002 and F= 12.89; P= 0.0018 respectively). 151 

Comparisons among data from starved group showed significant differences between 7-day inspection and 21-day and 152 

28-day inspections, and between 14-day inspection and 28-day inspection for survivor intact workers (F= 11.71; P= 153 

0.0009), and between 7-day inspection and 35-day inspection for dead cannibalized workers (F= 3.51; P= 0.025). No 154 

significant differences were found between dates of inspection for survivor cannibalized workers (F= 0.96; P= 0.46) and 155 

dead intact workers (F= 0.67; P= 0.62). Significant differences were found between the first two dates (7-day and 14-156 

day inspections) and the others remaining (21-day, 28-day and 35-day inspections) (F= 2.87; P=0.049) for survivor 157 

intact soldiers. No significant differences were found for dead cannibalized soldiers (F= 1.80; P= 0.17). Within the 158 

control group, both workers and soldiers did not differ significantly between dates of inspection (F= 2.31; P= 0.13 and 159 

F= 2.1; P= 0.15, respectively).  160 

 161 

Body mass loss 162 

The body mass of termites subjected to starvation decreased significantly during the whole period of observation from 163 

3.5 mg/worker detected at the first day of experiment (data recorded on freshly field collected termites) to 2.05 164 

mg/worker after 13 days of starvation (Figure 3). The body mass loss was 20.0 %, 28.6 % and 41.4 % at 6-day, 8-day 165 

and 13-day inspection, respectively. A decrease of weight up to 3.0 mg/worker was also observed in the group subject 166 
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to filter-paper feeding for 30 days with 14.3 % of body mass loss. Comparing body mass data recorded on the examined 167 

groups (freshly field collected, starved and paper-fed termites), significant differences were found among inspection 168 

dates of the whole period, except for 30-day paper fed workers that did not differ from 6-day starved workers (F = 169 

57.30; P = 0.0000).  170 

 171 

Changes in the abundance of the intestinal protists species 172 

Total protozoa population estimates differed significantly between field collected, paper fed and starved groups, but not 173 

within each group except for the first 7-day fed and 7-day starvation (F = 66.57; P = 0.0000) (Table 1). During the 174 

period of starvation, the protist species decreased gradually until reduced their population to zero, except for D. gracilis 175 

that had persisted. Specifically, four species (S. flagellate, T. agilis, T. minor and P. major) were eliminated after 7 days 176 

of starvation, six species (D. fimbriata, M. hexamitoides, H. elongatum, S. kofoidi, P. flagellata and P. minor) after 14 177 

days, and two species (D. exilis and M. termitis) after 28 days. In paper fed test, all species were detected after 28 days 178 

from the start except for P. Major, that disappeared after 21 days. D. exilis, D. gracilis, D. fimbriata and M. 179 

hexamitoides were dominant over the other species both in field sample (natural diet) and 7-day filter-paper fed group, 180 

whereas after 7 days of starvation P. minor together M. hexamitoides and D. gracilis were the most abundant (Figure 4). 181 

Statistical analysis for comparisons among field collected, fed and starved groups, showed significant differences for all 182 

protist species (D. fimbriata, F = 27.61; P = 0.0000; D. gracilis, F = 21.35; P = 0.0000; D. exilis, F = 36.73; P = 0.0000; 183 

M. termitis, F = 4.34; P = 0.0006; M. hexamitoides, F = 29.83; P = 0.0000; S. flagellate, F = 31.16; P = 0.0060; H. 184 

elongatum, F = 4.80; P = 0.0002; T. agilis, F = 4.78; P = 0.0003; T. minor, F = 6.37; P = 0.0000; S. kofoidi, F = 5.85; P 185 

= 0.0000; P. flagellate, F = 8.97; P = 0.0000; P. minor, F = 20.64; P = 0.0000; P. major, F = 4.89; P = 0.0002). 186 

Nevertheless, filter paper diet offered to termites for the first 14 days did not affect significantly the numeric variation 187 

of most protist species in comparison with those of freshly collected termites, as well as observed at 7 days of starvation 188 

with respect to paper-fed group. 189 

 190 

Discussion 191 

Our results showed that survival of termites subjected to starvation decreased during the experiment by corroborating 192 

other works that indicate the mortality as a direct result of starvation (Smythe and Maulding 1972; Haverty and Howard 193 

1979; Yoshimura et al. 1994; Song et al. 2006; Hu et al. 2011). Starved workers survived up to 28 days of the 194 

experiment, whereas starved soldiers up to 14 days. In the control, survivor termites were found for the whole period of 195 

observation, even if a certain rate of mortality was detected already from the first inspection for workers and at the last 196 

two dates of inspection for soldiers, and all dead termites were found cannibalised. This fact can be explained as 197 
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mortality and cannibalism that normally occurs in laboratory experiments (Smythe and Carter 1970; Su and LaFage 198 

1986; Osbrink and Lax 2002; Raina et al. 2004). Further, physiological and behavioural changes can be a result of using 199 

filter paper as a food of termites that lacking in some nutritional components (xylan, nitrogen content, etc.) can lead to 200 

cannibalism and death of termites (Cook and Scott 1933; LaFage 1976; Song et al. 2006; Smith and Koehler 2007). 201 

Previous works reported that cannibalism occurs in termites where the food source is low or absent (Buchli 1950; 202 

Weesner 1956; LaFage and Nutting 1978; Raina et al. 2004; Song et al. 2006; Hu et al. 2011). In this work we found 203 

dead cannibalized workers and soldiers in both starved and control groups and survivor cannibalized workers solely in 204 

the starved group, with significant differences between groups. This result shows that starvation of termites influences 205 

the cannibalism rate of both workers and soldiers. As starvation continued, the number of cannibalized termites 206 

increased. We found that the number of cannibalized workers was less than that of soldiers which were all cannibalized 207 

within the first 21 days of starvation. It is reported that, in the absence of food, soldiers may represent an emergency 208 

food ration for survival of the other members of the colony (Su and LaFage 1986; Song et al. 2006). In addition, 209 

cannibalism contributes to adjust the proportion of castes by eliminating soldiers and reproductives (selective 210 

cannibalism) (Stuart 1969). Controlled cannibalism is also a supply of nitrogen (Cook and Scott 1933; Buchli 1950; 211 

Hendee 1934), and provides cellulolytic symbionts to maintain the cellulose digesting ability (Seifert and Becker 1965). 212 

Furthermore, it may be a protein-conserving practice, because the natural diet of termites is low in this constituent 213 

(Moore 1969; Wilson 1971). In the filter-paper fed group (used as control), cannibalism of workers was less than 18% 214 

without significant variations throughout the period of the experiment, and that of soldiers about 30% at the last two 215 

dates of inspection. These rates of cannibalism may be a behavioural response to nutrient deficiency of the filter paper 216 

that is qualitatively different from field food sources (Smythe and Williams 1972; Mannesmann 1973; LaFage and 217 

Nutting 1978).  218 

In our study, starvation affected significantly body mass of the survivors that lost about 41 % of their mass after 13 219 

days. This result could be a peculiarity of R. lucifugus “Sicily”, that seems differs from other species: works on 220 

subterranean termites subject to starvation for 40 days, reported that Coptotermes formosanus lost a small percentage of 221 

body weight (Song et al. 2006) and R. flavipes had approximately the same body mass of those fed with filter paper and 222 

freshly collected from field (Hu et al. 2011). Interestingly, in our experiment, filter-paper fed group significantly 223 

differed from field collected group (14.3 % mass loss). This was also observed in R. grassei subjected to cellulose diet 224 

that reached significantly higher mass loss values when compared to natural diet (Duarte et al. 2017). The mass loss 225 

shown by filter-paper diet may indicate that it is a poorer lignocellulosic source than natural diet.  226 

Many researches showed that host starvation affects the hindgut protozoa of lower termites not only influencing the 227 

ingestion of the wood particles by microorganisms but also the abundance of the protist species (Yoshimura 1995; 228 
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Inoue et al. 1997; Belitz and Waller 1998; Hu et al. 2011). Our results showed that during 28 days of experiment, 229 

starvation affected the community structure and abundance of the intestinal protozoa of workers that differed 230 

significantly from the paper fed and freshly field collected (natural diet) groups. Starving termites exhibited the most 231 

depleted flagellate protist fauna in terms of abundance. In addition, some differences were highlighted when filter-paper 232 

fed termites were compared with those of freshly field collected (natural diet). In fact food sources may affect hindgut 233 

protist communities of termites (Cleveland 1924; Hungate 1943; Mannesmann 1972; Smythe and Mauldin 1972; 234 

Mauldin et al. 1972; Mauldin et al. 1981; Lai et al. 1983; Yoshimura et al. 1993; 1994; 1996; Cook and Gold 2000), and 235 

filter paper is a food source with low nutritional quality. Previous studies reported that protist species have different 236 

roles in the metabolism of termites and they are involved in separate steps of cellulose digestion depending on whether 237 

they are cellulolytic or non-cellulolytic species (Mauldin et al. 1972; Smythe and Mauldin 1972; Grosovsky and 238 

Margulis 1982; Lai et al. 1983; Yoshimura 1995; Yoshimura et al. 1993; 1994; 1996; Cook and Gold 2000; Wheeler et 239 

al. 2007; Watanabe and Tokuda 2010; Ohkuma and Brune 2011; Tsukagoshi et al. 2014). In our results S. flagellata, T. 240 

agilis, T. minor and P. major were eliminated after 7 days of termite starvation, meaning that they were strongly 241 

affected by absence of food. T. agilis is reported to be cellulolytic species and considered one of the most important 242 

protists in all Reticulitermes species being essential for the survival of termites (Cleveland 1925; Mauldin et al. 1981). 243 

A previous study showed that 13 days of termite starvation had reduced the T. agilis population to zero (Haverty and 244 

Howard 1979). However, Hu et al. (2011) reported that this protist had persisted longer after the termites were starved. 245 

Pyrsonympha spp. are reported as facultative cellulolytic protists and some of them can use dead T. agilis cells as food 246 

source (Haverty and Howard 1979; Grosovsky and Margulis 1982; Cook and Gold 2000). In our experiment, P. major 247 

behaved as cellulolytic species whereas P. minor and P. flagellata as not cellulolityc species because they persisted 248 

after 7 days of starvation without particular differences with the fed group. Furthermore, P. major is missing at the 28-249 

day paper fed inspection, suggesting that longer this species requires other nutritional components not present in filter 250 

paper. S. flagellata is considered not cellulolytic (Grosovsky and Margulis 1982), even if in our study disappeared early 251 

following starvation. In this study, D. gracilis, D. exilis, and M. termitis were less affected by starvation than other 252 

species and D. gracilis was the only species that had persisted at the end of experiment whereas D. exilis, and M. 253 

termitis were found until 21 days of starvation. M. hexamitoides, P. minor and D. gracilis after 7 days of starvation 254 

were clearly dominant over the other species present representing together over 60% of the flagellate protists, while in 255 

the field collected termites (natural diet) these three species represented less than 40%. Similar observation are reported 256 

on R. grassei after 6 days of starvation (Duarte et al. 2017). The majority of protist species in starved termite did not 257 

differ significantly from those of the fed group in the first 7 days. This might be explained by the fact these protist 258 

species are not considered crucial for host survival being not cellulolytic (Kirby 1924; Smythe and Mauldin 1972; 259 
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Grosovsky and Margulis 1982; Yoshimura et al. 1993). Monocercomonas spp. are reported not associated with wood 260 

ingestion or cellulose degradation and its population increases following the elimination and reduction of other species 261 

that foster its proliferation (Borge et al. 2007). Considering our results, the comparison among freshly field collected 262 

data (natural diet) and those detected at the end of the laboratory experiment (28-day paper fed and 28-day starved 263 

termites) showed significant differences between paper fed and field collected groups except for 5 protist species (S. 264 

flagellata, H. elongatum, T. agilis, T. minor and S. kofoidi). These results are consistent with a study on hindgut protists 265 

of R. flavipes 40-day starved (Hu et al. 2011) as regards all species common to R. lucifugus, except for D. fimbriata and 266 

S. kofoidi that persisted throughout the period of starvation whereas in our study they disappeared after 14 days of 267 

starvation. Inoue et al. (1997) reported that T. agilis, H. elongatum and D. exilis from R. speratus disappeared after 20 268 

days of termite starvation. In our study this was confirmed for D. exilis but not for T. agilis and H. elongatum that 269 

disappeared during the first two weeks of starvation. This may be explained because the majority of intestinal protists 270 

are considered to be autochthonous and probably coevolving with termite species (Hongoh et al. 2005; Noda et al. 271 

2007). Therefore, protist species are responding to termite starvation conditions in dependence of host species in which 272 

they evolve.  273 

We think that our findings contribute to enhancing the understanding of termite survival strategies and protozoan 274 

symbiosis in response to stressful conditions: R. lucifugus “Sicily” likely adopts behavioural mechanisms, as 275 

cannibalism, to maintain its social structure, and the symbiotic intestinal community varies adapting to different diets, in 276 

dependence on the division of labour among protist species in the lignocellulose digestion. 277 

 278 

References 279 

Belitz LA, Waller DA (1998) Effect of temperature and termite starvation on phagocytosis by protozoan symbionts of 280 

the eastern subterranean termite Reticulitermes flavipes Kollar. Microbial Ecology 36:75-180. 281 

Borges FP, Gottardi B, Stuepp C, Larré AB, de Brum Vieira P, Tasca T, De Carli GA (2007) Morphological aspects of 282 

Monocercomonas sp. and investigation on probable pseudocysts occurrence. Parasitology Research 101:1503-283 

1509.  284 

Breznak JA, Brune A (1994) Role of microorganisms in the digestion of lignocellulose by termites. Annual Review of 285 

Entomology 39:453-487. 286 

Breznak JA, Switzer JM (1986) Acetate synthesis from H2 plus CO2 by termite gut microbes. Applied and 287 

Environmental Microbiology 52:623-630.  288 

Brugerolle G, Radek R (2006) Symbiotic protozoa of termites. In: König H, Varma A (eds) Intestinal Microorganisms 289 

of Termites and other Invertebrates, Soil Biology, vol. 6. Berlin, Heidelberg Springer pp 243-270. 290 



 11 

Brune A, Ohkuma M (2011) Role of termite gut microbiota in symbiotic digestion. In: Bignell DE, Roisin Y, Lo N 291 

(eds) Biology of termites: a modern synthesis. Springer Science+Business Media BV, London, New York pp 439-292 

475. 293 

Brune A, Dietrich C (2015) The gut microbiota of termites: digesting the diversity in the light of ecology and evolution. 294 

Annual Review of Microbiology 69:145-166. 295 

Buchli HR (1950) Recherche sur la fondation et le développement des nouvelles colonies chez le termite lucifuge 296 

(Reticulitermes lucifugus (Rossi). Physiologia Comparata et Oecologia 2:145-160. 297 

Buchli HR (1958) L'origine des castes et les potentialities ontogeniques des termites europeens du genre Reticulitermes 298 

Holmgren. Annales des Sciences Naturelles Zoologie et Biologie Animale 11:263-429. 299 

Cleveland LR (1923) Symbiosis between termites and their intestinal protozoa. Proceedings of the National Academy 300 

of Sciences of the United States of America 9:424-428. 301 

Cleveland LR (1924) The physiological and symbiotic relationships between the intestinal protozoa of termites and 302 

their host, with special reference to Reticulitermes flavipes (Kollar). Biological Bulletin 46:203-223. 303 

Cleveland LR (1925) The effects of oxygenation and starvation on the symbiosis between the termite, Termopsis, and 304 

its intestinal flagellates. Biological Bulletin 48:309-326. 305 

Cook TJ, Gold RE (2000) Effects of different cellulose sources on the structure of the hindgut flagellate community in 306 

Reticulitermes virginicus (Isoptera: Rhinotermitidae). Sociobiology 35:119-130. 307 

Cook SF, Scott KG (1933) The nutritional requirements of Zootermopsis (Termopsis) angusticollis. Journal of Cellular 308 

and Comparative Physiology 4:95-110. 309 

Duarte S, Duarte M, Borges PAV, Nune L (2017) Dietary-driven variation effects on the symbiotic flagellate protist 310 

communities of the subterranean termite Reticulitermes grassei Clement. Journal of Applied Entomology 141:300-311 

307. 312 

Esenther GR (1969) Termites in Wisconsin. Ann Entomol Soc Am 62:1274-1284. 313 

Forschler BT, Henderson G (1995) Subterranean termite behavioral reaction to water and survival of inundation: 314 

implications for field, populations. Environ Entomol 24:1592-1597. 315 

Ghesini S, Marini M (2012) New data on Reticulitermes urbis and Reticulitermes lucifugus in Italy: are they both native 316 

species? Bulletin of Insectology 65:301-310. 317 

Grassi GB, Foa A (1911) Intorno ai protozoi dei termitidi. Rendiconti della Reale Accademia dei Lincei 20:725-741. 318 

Grosovsky BDD, Margulis L (1982) Termite microbial communities. In: Burns RG, Slater JH (eds), Experimental 319 

microbial ecology, Ch. 30. Blackwell Scientific Publications, Oxford, pp 519-532.  320 



 12 

Haverty MI, Howard RW (1979) Effects of insect regulators on subterranean termites: induction of differentiation, 321 

defaunation, and starvation. Annals of the Entomological Society of America 72:503-508. 322 

Hendee L (1934) Caste determination and differentiation with special reference to the genus Reticulitermes (Isoptera). 323 

Journal of Morphology 56:267-293. 324 

Hongoh Y, Deevong P, Inoue T, Moriya S, Trakulnaleamsai S, Ohkuma M, Vongkaluang C, Noparatnaraporn N, Kudo 325 

T (2005) Intra- and interspecific comparisons of bacterial diversity and community structure support coevolution of 326 

gut microbiota and termite host. Applied Environmental Microbiology 71:6590-6599. 327 

Honigberg BM (1970) Protozoa associated with termites and their role in digestion. In: Krishna K, Weesner FM (eds) 328 

Biology of termites, vol. 2. Academic Press, New York, London, pp 1-36. 329 

Hu XP, Song D, Gao X (2011) Biological changes in the Eastern subterranean termite, Reticulitermes flavipes (Isoptera, 330 

Rhinotermitidae) and its protozoa profile following starvation. Insectes Sociaux 58:39-45.  331 

Hungate RE (1943) Quantitative analysis on the cellulose fermentation by termite protozoa. Annals of the 332 

Entomological Society of America 36:730-739. 333 

Inoue T, Murashima K, Azuma J-I, Sugimoto A, Slaytor M (1997) Cellulose and xylan utilisation in the lower termite 334 

Reticulitermes speratus. Journal of Insect Physiology 43:235-242. 335 

Kirby H (1924) Morphology and mitosis of Dinenympha fimbriata sp. nov. University of California Publications in 336 

Zoology 26:199-221. 337 

LaFage JP (1976) Nutritional biochemistry, bioenergetics, and nutritive value of the dry-wood termite, Marginitermes 338 

hubbardi (Banks). Dissertation, University of Arizona, Tucson. 339 

LaFage JP, Nutting WL (1978) Nutrient dynamics of termites. In: Brian MV (ed) Production ecology of ants and 340 

termites. Cambridge University Press, London, pp 165-232. 341 

Lai PY, Tamashiro M, Fujii JK (1983) Abundance and distribution of the three species of symbiotic protozoa in the 342 

hindgut of Coptotermes formosanus (Isoptera: Rhinotermitidae). Proceedings of the Hawaiian Entomological 343 

Society 24:271-276. 344 

Lo Pinto M, Varrica G, Agrò A (2016) Temporal variations in symbiotic hindgut protist community of the subterranean 345 

termite Reticulitermes lucifugus Rossi in Sicily. Insectes Sociaux 63:143-154.  346 

Lo Pinto M, Varrica G, Agrò A (2017) Studies on Reticulitermes lucifugus Rossi (Isoptera: Rhinotermitidae): a review 347 

of associated hindgut flagellates and investigations on protist species of the Sicilian subspecies, R. lucifugus 348 

“Sicily”. Journal of Entomology and Zoology studies 5(4):1249-1256. http://dx.doi.org/10.22271/j.ento 349 

http://dx.doi.org/10.22271/j.ento


 13 

Luchetti A, Bergamaschi S, Marini M, Mantovani B (2004) Mitochondrial DNA analysis of native European Isoptera: a 350 

comparison between Reticulitermes (Rhinotermitidae) and Kalotermes (Kalotermitidae) colonies from Italy and 351 

Balkans. Redia - Journal of Zoology 87:149-153. 352 

Luchetti A, Velonà A, Mueller M (2013) Breeding systems and reproductive strategies in Italian Reticulitermes colonies 353 

(Isoptera: Rhinothermitidae). Insectes Sociaux 60:203-211.  354 

Mannesmann R (1972) Relationship between different wood species as a termite food source and the reproduction of 355 

termite symbionts. Zeitschrift für Angewandte Entomologie - Journal of Applied Entomology 72:116-128. 356 

Mannesmann R (1973) Comparison of twenty-one commercial wood species from North America in relation to feeding 357 

rates of the Formosan termite, Coptotermes formosanus Shiraki. Material und Organismen 8:107-120. 358 

Mauldin JK, Carter FL, Rich NM (1981) Protozoan populations of Reticulitermes flavipes (Kollar) exposed to 359 

heartwood blocks of 21 American species. Material und Organismen 16:15-28. 360 

Mauldin JK, Smythe RV, Baxter CC (1972) Cellulose catabolism and lipid synthesis by the subterranean termite, 361 

Coptotermes formosanus. Insect Biochemistry 2:209-217. 362 

Moore BP (1969) Biochemical studies in termites. In: Krishna K, Weesner FM (eds) Biology of termites vol. 1. 363 

Academic Press, New York, London, pp 407-432. 364 

Noda S, Kitade O, Inoue T, Kawai M, Kanuka M, Hiroshima K, Hongoh Y, Constantino R, Uys V, Zhong J, Kudo T, 365 

Ohkuma M (2007) Cospeciation in the triplex symbiosis of the termite gut protists (Pseudotrichonympha spp.), 366 

their hosts, and their bacterial endosymbionts. Molecular Ecology 16:1257-1266. 367 

Ohkuma M (2008) Symbioses of flagellates and prokaryotes in the gut of lower termites. Trends in Microbiology 368 

16:345-352. 369 

Ohkuma M, Brune A (2011) Diversity, structure, and evolution of the termite gut microbial community. In: Bignell DE, 370 

Roisin Y, Lo N (eds) Biology of termites: a modern synthesis. Springer, Dordrecht, Heidelberg, London, New 371 

York, pp 413-438. 372 

Osbrink WLA, Lax A (2002) Effect of tolerance to insecticides on substrate penetration by Formosan subterranean 373 

termites (Isoptera: Rhinotermitidae). Journal of Economic Entomology 95:989-1000.  374 

Purdy KJ (2007) The distribution and diversity of Euryarchaeota in termite guts. Advances in Applied Microbiology 375 

62:63-80.  376 

Raina A, Park YI, Lax A (2004) Defaunation leads to cannibalism in primary reproductives of the Formosan 377 

subterranean termite, Coptotermes formosanus (Isoptera: Rhinotermitidae). Annals of the Entomological Society of 378 

America 97:753-756.  379 



 14 

Sbrenna G, Micciarelli Sbrenna A (2008) Le termiti italiane. Catalogo topografico e considerazioni zoogeografiche. 380 

Memorie della Società Entomologica Italiana 87:33-60. 381 

Scharf ME, Karl ZJ, Sethi A, Boucias DG (2011) Multiple levels of synergistic collaboration in termite lignocellulose 382 

digestion. PLoS ONE 6(7) e21709. doi:10.1371/journal.pone.0021709 383 

Seifert K, Becker G (1965) Der chemische Abbau von Laub-und Nadelholzarten durch verschiedene Termiten. 384 

Holzforschung 19:105-111. 385 

Smith JA, Koehler PG (2007) Changes in Reticulitermes flavipes (Isoptera: Rhinotermitidae) gut xylanolytic activities 386 

in response to dietary xylan content. Annals of the Entomological Society of America 100:568-573. 387 

Smythe RV, Carter FL (1970) Feeding responses to sound wood by Coptotermes formosanus, Reticulitermes flavipes, 388 

and R. virginicus (Isoptera: Rhinotermitidae). Annals of the Entomological Society of America 63:841-847. 389 

Smythe RV, Mauldin JK (1972) Soldier differentiation, survival, and wood consumption by normally and abnormally 390 

faunated workers of the Formosan termite, Coptotermes formosanus. Annals of the Entomological Society of 391 

America 65:1001-1004. 392 

Smythe RV, Williams LH (1972) Feeding and survival of two subterranean termite species at constant temperatures. 393 

Annals of the Entomological Society of America 65:226-229. 394 

Song D, Hu XP, Su N-Y (2006) Survivorship, cannibalism, body weight loss, necrophagia, and entombment in 395 

laboratory groups of the Formosan subterranean termite, Coptotermes formosanus under starvation (Isoptera: 396 

Rhinotermitidae). Sociobiology 47:27-39. 397 

Stuart AM (1969) Social behaviour and communication. In: Krishna K, Weesner FM (eds) Biology of termites vol. 1. 398 

Academic Press, New York, London, pp 193-232. 399 

Su N-Y, LaFage JP (1986) Effects of starvation on survival and maintenance of soldier proportion in laboratory groups 400 

of the Formosan subterranean termite, Coptotermes formosanus (Isoptera: Rhinotermitidae). Annals of the 401 

Entomological Society of America 79:312-316. 402 

Tartar A, Wheeler MM, Zhou X, Coy MR, Boucias DG, Scharf ME (2009) Parallel metatranscriptome analyses of host 403 

and symbiont gene expression in the gut of the termite Reticulitermes flavipes. Biotechnology for Biofuels 2:e25. 404 

doi:10.1186/1754-6834-2-25 405 

Tsukagoshi H, Nakamura A, Ishida T, Otagiri M, Moriya S, Samejima M, Igarashi K, Kitamoto K, Arioka M (2014) 406 

The GH26 b-mannanase RsMan26H from a symbiotic protist of the termite Reticulitermes speratus is an endo-407 

processive mannobiohydrolase: Heterologous expression and characterization. Biochemical and Biophysical 408 

Research Communications 452:520-525. Watanabe H, Tokuda G (2010) Cellulolytic systems in insects. Annual 409 

Review of Entomology 55:609-632.  410 



 15 

Watanabe H, Tokuda G (2010) Cellulolytic systems in insects. Annual Review of Entomology. 55:609-632. 411 

Weesner FM (1956) The biology of colony foundation in Reticulitermes hesperus Banks. University of California 412 

Publications in Zoology 61:253-314. 413 

Wheeler MM, Zhou X, Scharf ME, Oi FM (2007) Molecular and biochemical markers for monitoring dynamic shifts of 414 

cellulolytic protozoa in Reticulitermes flavipes. Insect Biochemistry and Molecular Biology 37:1366-1374.  415 

Wilson EO (1971) The insect societies. Cambridge, MA: The Belknap Press of Harvard University Press 416 

Yoshimura T (1995) Contribution of the protozoan fauna to nutritional physiology of the low termite Coptotermes 417 

formosanus Shiraki (Isoptera: Rhinotermitidae). Wood Research 82:68-129. 418 

Yoshimura T, Azuma J, Tsunoda K, Takahashi M (1993) Cellulose metabolism of the symbiotic protozoa in termite, 419 

Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae) III: utilization of non-natural celluloses. Mokuzai 420 

Gakkaishi 39:1322-1326. 421 

Yoshimura T, Azuma J, Tsunoda K, Takahashi M (1994) Changes of wood-attacking activity of the lower termite, 422 

Coptotermes formosanus Shiraki in defaunation-refaunation process of the intestinal protozoa. Material und 423 

Organismen 28:153-164. 424 

Yoshimura T, Fujino T, Itoh T, Tsunoda K, Takahashi M (1996) Ingestion and decomposition of wood and cellulose by 425 

the protozoa in the hindgut of Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae) as evidenced by 426 

polarizing and transmission electron microscopy. Holzforschung 50:99-104. 427 

428 



 16 

  429 

Figure legends 430 

 431 

Fig. 1 Mean proportions of survived workers (intact or cannibalized) and dead workers (intact or cannibalized) of R. 432 

lucifugus during the 35-day experiment (A starved, B paper fed control) 433 

 434 

Fig. 2 Mean proportions of survived soldiers (intact or cannibalized) and dead soldiers (intact or cannibalized) during 435 

the 35-day experiment (A starved, B paper fed control) 436 

 437 

Fig. 3 Body mass of R. lucifugus workers (mean ± SD) subjected to natural diet (freshly field collected termites), 438 

starvation and filter-paper diet detected during 30 days of experiments, weighting natural and filter-paper fed termites at 439 

first day and 30 days, respectively, and starved termites at 6, 8, 13 days.  440 

 441 

Fig. 4 Web chart representing the abundance of the protist species from termites subjected to natural diet (freshly field 442 

sample), filter-paper diet and starvation detected in laboratorial experiments for 28 days 443 

 444 

445 
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 446 

Table 1 - Protozoa population estimate (mean ± SE) in the hindgut of R. lucifugus from different groups, subjected to 447 

natural diet (freshly field-collected), filter-paper fed and starved termites, detected in field collected workers in the first 448 

day of experiment and in paper fed and starved workers at 7-day intervals for 28 days in laboratory. 449 

 450 

Protis species 
Field 

collected 

7-day 

paper fed 

14-day 

paper fed 

21-day 

paper fed 

28-day 

paper fed 

7-day 

starved 

14-day 

starved 

21-day 

starved 

28-day 

starved 

Dinenympha fimbriata 

Kirby 

(Pyrsonymphidae) 

7950 

±1495 a 

7800 ± 

859 a 

2700 ± 

569 b 

2100 ± 

684 b 

1500 ± 

444 b 

900 ± 

328 b 
0 ± 0 c 0 ± 0 c 0 ± 0 c 

D. gracilis Leidy 

(Pyrsonymphidae) 

16200 ± 

2883 a 

7050 ± 

1194 b 

5700 ± 

300 b 

5850 ± 

1032 b 

6600 ± 

1348 b 

3300 ± 

444 b 

750 ± 

429 c 

500 ± 

228 c 

975 ± 

640 c 

D. exilis Koidzumi 

(Pyrsonymphidae) 

31050 ± 

5512 a 

14100 ± 

1824 b 

5100 ± 

948 c 

3750 ± 

969 c 

4050 ± 

557 c 

2250 ± 

307 c 

1200 ± 

553 c 

1600 ± 

306 c 
0 ± 0 d 

Pyrsonympha flagellata 

Grassi 

(Pyrsonymphidae) 

2850 ± 

588 a 

600 ± 300 

b 

1050 ± 

429 ab 

450 ± 201 

b 

900 ± 402 

b 

1800 ± 

402 ab 
0 ± 0 c 0 ± 0 c 0 ± 0 c 

P. minor Powell 

(Pyrsonymphidae) 

7650 ± 

1179 a 

3900 ± 

501 ab 

3450 ± 

818 ab 

2850 ± 

882 b 

2400 ± 

600 b 

4650 ± 

1421 ab 
0 ± 0 c 0 ± 0 c 0 ± 0 c 

P. major Powell 

(Pyrsonymphidae) 

1650 ± 

429 a 

750 ± 588 

ab 

300 ± 189 

b 

600 ± 300 

b 
0 ± 0 c 0 ± 0 c 0 ± 0 c 0 ± 0 c 0 ± 0 c 

Monocercomonas 

termitis (Grassi) 

(Monocercomonadidae) 

3750 ± 

674 a 

1050 ± 

361 ab 

1050 ± 

429 ab 

300 ± 189 

b 

1050 ± 

588 b 

2550 ± 

588 ab 

1200 ± 

553 ab 

900 ± 

402 ab 
0 ± 0 c 

Microjoenia 

hexamitoides Grassi 

(Holomastigotoidae) 

9450 ± 

1006 a 

9450 ± 

761 a 

6600 ± 

1444 ab 

5100 ± 

1200 ab 

3300 ± 

1244 b 

7950 ± 

1323 a 
0 ± 0 c 0 ± 0 c 0 ± 0 c 

Spirotrichonympha 

flagellata (Grassi) 

(Holomastigotoidae) 

600 ± 189 

a 

1050 ± 

276 a 

1050 ± 

488 a 

600 ± 189 

a 

450 ± 201 

a 
0 ± 0 b 0 ± 0 b 0 ± 0 b 0 ± 0 b 

Spironympha kofoidi 

Koidzumi 

(Holomastigotoidae) 

1050 ± 

361 a 

1350 ± 

385 a 

1050 ± 

276 a 

1200 ± 

379 a 

900 ± 232 

a 

1050 ± 

276 a 
0 ± 0 b 0 ± 0 b 0 ± 0 b 

Holomastigotes 

elongatum Grassi 

(Holomastigotoidae) 

1500 ± 

379 a 

1200 ± 

501 a 

750 ± 276 

a 

450 ± 201 

a 

300 ± 300 

a 

1350 ± 

385 a 
0 ± 0 b 0 ± 0 b 0 ± 0 b 

Trichonympha agilis 

Leidy 

(Trichonymphidae) 

900 ± 464 

a 

1350 ± 

307 a 

300 ± 189 

a 

450 ± 201 

a 

900  ± 402 

a 
0 ± 0 b 0 ± 0 b 0 ± 0 b 0 ± 0 b 

T. minor Grassi & Foà 

(Trichonymphidae) 

450 ± 307 

a 

2250 ± 

687 b 

900 ± 232 

ab 

900 ± 464 

ab 

900 ± 464 

ab 
0 ± 0 c 0 ± 0 c 0 ± 0 c 0 ± 0 c 

total population 
85050 ± 

7758 a 

51900 ± 

4437 b 

30000 ± 

2584 c 

24600 ± 

4332 c 

23250 ± 

3610 c 

25800 ± 

1925 c 

3450 ± 

488 d 

4350 ± 

785 d 

975 ± 

640 d 

 451 

Means (±SE) with the same letter in a row do not differ significantly at P<0.05 (GLM with a quasi-Poisson distribution) 452 

453 
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Fig 1A 454 

 455 

2A 456 

 457 

 458 

459 
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Fig 1B 460 

 461 

 462 

Fig 2B 463 

 464 

465 
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Fig 3 466 

 467 

 468 

469 
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Fig 4 470 
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