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after transmission by old workers or direct contact with the fungus garden (Poulsen et al., 62 2003a). In this study, there was an observed growth pattern where major workers were 63 progressively covered by the bacterium a few days after emergence and bacterial cover 64 reached a maximum after 10-15 days.

65

Actinomycetes are an interesting group of microorganisms because they are 66 responsible for a considerable portion of commercially important bioactive microbial 67 products. Nevertheless, it is not known how actinomycetes influence the ant immune system, 68 although symbiotic microorganisms influence health and disease in animals, and studies have 69 shown that bacteria contribute to their immune defenses. This symbiosis has been observed in 70 various animal taxa: on the amphibian"s skin [START_REF] Becker | Cutaneous bacteria of the redback salamander prevent 357 morbidity associated with a lethal disease[END_REF]Woodhams et al., 71 2007), in the mammalian intestine [START_REF] Cash | Symbiotic bacteria direct 360 expression of an intestinal bactericidal lectin[END_REF] and in insects (de Souza et al., 2009; 72 Oliver et al., 2003). Ants, as well as all other invertebrates, lack an adaptive immune system 73 and must rely on innate immunity as their primary mechanism of defense against parasites 74 and pathogens (Gillespie et al., 1997). Their immune system is closely associated with 75 hemolymph, which consists of cellular (hemocytes) and liquid components (plasma), where 76 the humoral factors are dissolved. Among cellular responses, encapsulation followed by 77 melanization is an efficient innate immune response against infection by parasites (Gillespie 78 et al., 1997) and has been frequently used to evaluate ant immunity [START_REF] Sorvari | Immune defense of ants is associated with 462 changes in habitat characteristics[END_REF][START_REF] Ribeiro | 447 Immunocompetence and energetic metabolism in different groups of workers of Atta 448 sexdens rubropilosa (Hymenoptera: Formicidae)[END_REF] 79 Souza et al., 2008;de Souza et al., 2009), including that of leaf-cutting ants [START_REF] Baer | Examination of the immune 354 responses of males and workers of the leaf-cutting ant Acromyrmex echinatior and the 355 effect of infection[END_REF] 80 [START_REF] Ribeiro | 447 Immunocompetence and energetic metabolism in different groups of workers of Atta 448 sexdens rubropilosa (Hymenoptera: Formicidae)[END_REF].

81

Recognition of group members is a critical process to ensure social cohesion within 82 the group. Ants use chemical signatures, composed primarily of cuticular long-chain 83 hydrocarbons, in nestmate recognition (d'Ettorre and Lenoir, 2010). To protect the colony 84 against parasites, it is expected that workers can discriminate nestmates based on individual 85 immunological state. Likewise, odor perception can be affected by immune response. For 86 example, when honeybee immune systems are triggered by the non-pathogenic immunogenic 87 elicitor lipopolysaccharide (LPS), they have a reduced ability to associate an odor with a 88 sugar reward [START_REF] Mallon | Immune response inhibits 417 associative learning in insects[END_REF]. Plenty of bacteria have been shown to play an important 89 role in the production of volatile compounds, some of which may act as chemicals messengers 90 within or between species [START_REF] Leroy | The 408 semiochemically mediated interactions between bacteria and insects[END_REF]. Currently, the role of actinomycetes in 91 chemical communication is unknown and requires more investigation.

92

One general attribute of immune functions is that their operation requires resources 93 that the host might have used for another function [START_REF] Sheldon | Ecological immunology: costly parasite defences and 460 trade-offs in evolutionary ecology[END_REF]. Immune 94 stimulation increases energy consumption (Freitak et al., 2003;[START_REF] Tyler | An immune response in the bumblebee, Bombus 464 terrestris, leads to increased food consumption[END_REF] and 95 decreases longevity in insects [START_REF] Armitage | Examining costs of 349 induced and constitutive immune investment in Tenebrio molitor[END_REF]. Thus, considering that the immune 96 system is costly to develop, maintain or activate, ants that invest less in immune defense can 97 direct energy to other activities, such as fungus garden care or brood care. If ectosymbiotic 98 bacteria provide immune protection for the ants, the ants can stay protected even with a less 99 active immune system. Inferences on the energetic cost of physiological processes in insects 100 can be made by the evaluation of the oxygen consumption rate, which has been studied in 101 leaf-cutting ants [START_REF] Hebling-Beraldo | The respiratory metabolism of the castes of 396 two leaf-cutting ants, Atta laevigata (F. Smith 1858) and Atta sexdens rubropilosa Forel 397[END_REF][START_REF] Hebling | Respiratory regulation in workers 400 of the leaf cutting ant Atta sexdens rubropilosa Forel 1908[END_REF]Poulsen et al., 102 2003a).

103

Our objectives were to evaluate whether the presence or absence of symbiotic bacteria 104 covering the ant cuticle is related to differences in (1) the encapsulation responses between 105 workers, (2) the level of metabolic activity, which is determined by measuring individual 106 respiratory rates, and (3) the cuticular hydrocarbons pattern. We also eliminated the bacteria 107 using an antibiotic treatment and examined worker encapsulation response after the treatment. The encapsulation response depends on humoral and cellular factors, and the cellular

123
defense system is coupled with humoral defense in the melanization of pathogens. Thus, the 124 encapsulation rate assay provides an accurate measure of immunocompetence, which is 125 defined as the ability to produce an immune response [START_REF] Ahtiainen | Sexual advertisement and 347 immune function in an arachnid species (Lycosidae)[END_REF] et al., 2009;de Souza et al., 2008;Fytrou et al., 2006;[START_REF] Lu | Levels of encapsulation and melanization in two larval instars 413 of Ostrinia furnacalis Guenee (Lep., Pyralidae) during simulation of parasitization by 414 Macrocentrus cingulum Brischke (Hym., Braconidae)[END_REF]Sorvari et al., 140 2008;[START_REF] Vainio | Individual variation in immune 466 function in the ant Formica exsecta; effects of the nest, body size and sex[END_REF]. We measured the encapsulation response by inserting an inert 141 antigen, a 1.5 mm-long piece of a sterile nylon monofilament (0.12 mm diameter), into each 142 ant"s thorax between the second and third leg pairs. After introduction of the antigen, the later, the marked workers were removed for an encapsulation assay, as described in section 167 2.2. We verified that these marked workers did not show a visible white coating of bacteria in 168 the integument, confirming that the treatments were effective. The groups were compared by 169 an ANOVA followed by an Unequal N HSD test at 5% probability. The hydrocarbon profile was simple (24 peaks, see Fig. S2). The hydrocarbons 258 observed were mainly methyls (11-+13-+15-MeC29, more than 30%, see table S1; 11-+13-259 MeC31 -10%) and the corresponding dimethyls (respectively 11,15-+13,17-DiMeC29, 5% 260 and 11,15-+13,17-DiMeC31, 6%), and the hydrocarbon profile was not changed according to 261 the ant group. In the dendrogram, the samples were mixed in arbitrary groups (see Fig. S3).

262

We found some of the ant hydrocarbons in the bacteria and also in the gelose (see

263
Table S1), but in very small quantities (4.5 and 9.7 ng, respectively). These hydrocarbons 264 were all present on the ant"s cuticle. trend in insect-actinomycetes symbioses [START_REF] Kaltenpoth | Actinobacteria as mutualists: general healthcare for insects?[END_REF].

309

From Hydra to humans, we can find examples of epithelia selecting the bacterial 310 community to live on them (Fraune and Bosch, 2010). In Attini ants, actinomycetes live in 311 specialized structures that are elaborate cuticular crypts with associated exocrine glands 312 [START_REF] Currie | Coevolved crypts 365 and exocrine glands support mutualistic bacteria in fungus-growing ants[END_REF]. Their abundance is age-dependent, and their dependence on metapleural 313 gland secretion supports the hypothesis of active mechanisms regulating their presence 314 (Poulsen et al., 2003b). Thus, another hypothesis to be tested consists of verifying an increase 315 of ectosymbionts when the workers are immunocompromised.

316

In our study, external workers exhibited a more elevated respiratory rate than did 317 workers with actinobacteria. Although it is not possible to separate the fraction of energy due 318 to the presence actinomycetes, it is at least evident that actinomycetes do not pose a high 319 energy cost to workers. Our data support a pattern of increase of metabolic rate as 320

Acromyrmex workers age and their immune system achieves maturation, and at this point,

321

they are able to perform external activities.

322

Actinobacteria do not change the cuticular profile or the hydrocarbon quantities of the 323 host ant; this is in contrast to the fungus symbiont, which is important in colonial recognition 324 (Viana and Lenoir, 1996). This indicates that nestmate recognition is not modified, which was 325 expected because foragers and some internal ants do not have the actinobacteria. Workers 326 with and without ectosymbionts cannot be discriminated based on cuticular odors. Some 327 hydrocarbons found on the actinobacteria culture may be general for all bacteria membranes 328 and may have contaminated the gelose. Hydrocarbon production is very low and most likely 329 is not important compared to ant cuticle production, indicating that the ant cuticular 330 hydrocarbons do not originate from the actinobacteria. Nevertheless, actinobacteria also 331 produce some hydrocarbons that may be a signal for recognition by ants, as Zhang et al.

332

(2007) have recently shown that workers are able to recognize their own bacterial strain.

333

Our studies, along with other independent studies, suggest a possible new role of 334 actinomycetes for the leaf-cutting ants, thus reinforcing emerging views that integumental 335 biofilms protect ants primarily against ant diseases (Mueller, 2012). Considering that the 336 combat of infectious diseases is a major challenge for large insect societies, actinomycetes 337 may ensure protection to younger attine ants until the maturation of their immune system, and 338 this protection is achieved with low energetic cost. Highlight :

<Acromyrmex subterraneus subterraneus workers covered with actinobacteria have lower encapsulation response<

  photographed using a digital camera (Axioskop 40 Zeiss microscope). The mean gray value

  this study was to assess the metabolic rate and to infer a possible energetic 172 cost of maintaining ectosymbiotic bacteria. The production of carbon dioxide was measured 173 in a carbon dioxide analyzer (TR 2; Sable System International, Las Vegas, Nevada, USA) 174 using methods adapted from[START_REF] Hebling | Toxic 403 effects of Canavalia ensiformis L. (Leguminosae) on laboratory colonies of Atta sexdens 404 L. (Hym., Formicidae)[END_REF] andGuedes et al. (2006). A series of 25 mL 175 flasks was used, each flask containing three workers (2.4 mm head capsule width) from each 176 group (EXT, INB, and INØ) in a completely closed system. Carbon dioxide-free air was 177 injected into the flasks for 2 min at 600 mL/min. An infrared reader was connected to the 178 outlet of the system to quantify carbon dioxide (µmol). The test tubes were connected to the 179 system for three hours before measurement of CO 2 production from the workers, which was 180 achieved by injection of CO 2 -free air into the vials for two minutes at a flow rate of 600 181 mL/min. This air flow directs CO 2 to an infrared reader connected to the system and allows 182 rapid quantification of the amount of CO 2 produced on an hourly basis (in µmol). There were 183 14 replicates for each group, which were taken at the same proportion from three colonies (A, 184 each vial was divided by three to calculate the mean respiratory rates, which were analyzed by 186 an ANOVA followed by a Tukey test at 5% significance and using Statistica 7.0. The colony 187 was included as a random factor. 188 2.5. Chemical analyses 189 In this experiment, we used the same three colonies (A, B and C). The head-thorax 190 with the legs taken from the three groups of media workers (EXT, INB and INØ); 6 workers 191 per group per colony were immersed in 1 mL of pentane and removed after 30 min. Before 192 analysis, the solvent was evaporated and redissolved with 5 µL of pentane; we then added 2 193 µL of pentane containing 200 ng of eicosane (C20) as an internal standard. Two microliters 194 were injected into a FID gas chromatograph (VGM250Q system, Perkin-Elmer) using a DB-5 195 fused silica capillary column. The temperature was maintained at 150 °C during the splitless 196 initial two minutes, raised from 150 °C to 310 °C at 5 °C/min and held at 310 °C for the last 197 10 min. The cuticular hydrocarbons were previously identified (Viana, 1996; Viana et al., 198 2001), and to verify the names of the peaks, including the smaller peaks, we analyzed in more 199 detail the cuticular profile with the same GC coupled to a Perkin-Elmer MS operating 70 EV. 200 We used a high-temperature column (DB-5HT, 30 m, 0.251 mm x 0.10 μm) with the same 201 temperature program. The areas of the peaks were estimated by peak integration using a 202 TurboChrome Workstation. From the area, we calculated the quantities and relative 203 proportions of substances using the internal standard area (ng per sample). The relative 204 proportions of CHs were used to construct a dendrogram. The total quantities of hydrocarbons 205were compared with a Kruskal-Wallis test. The profiles between the three groups were 206 compared with a dendrogram using the single-link Ward method and Euclidian distance. We 207 also verified that there were no differences between the colonies. 208 compared the survival proportion of the ants undergoing the bacteria removal treatments 233 against that observed in the control groups. The hypothesis tested was H0: P control = P 234 treatment vs. H1: P control > P treatment (one-sided test). The p-value is computed based on 235 the t-value for the following comparisons: Control vs. Dry brush, P = 0.0042; Control vs. Wet 236 brush, P = 0.0001; Control vs. Pen. G, P = 0.0021; Control vs. Strep., P = 0.0021; Control vs. 237 Pen. G + Strep., P = 0.0002. As all treatments provoked mortality in treated ants, including 238 the Dry brush, it appears that ant mortality is due to the stress of the ant removal from the nest 239 and its manipulation. It is possible that the treatments to eliminate actinobacteria cause 240 selective survival; therefore, we would be sampling the encapsulation response of a subset of 241 the ants. However, we have no evidence of differential mortality associated with the level of 242 encapsulation response because similar mortality occurred in groups with higher 243 encapsulation response (Wet brush) and in groups with lower encapsulation response (rate of the workers, measured in terms of CO 2 production, 248 showed a pattern of increase as workers lost their bacterial coating and switched to external 249 activities (Fig. 3; Kruskal-Wallis, H (2 n = 42) = 6.94, P = 0.03). Individuals living inside the 250 nest, with or without a whitish coat of bacteria, had significantly lower respiration rates 251 compared with individuals performing external activities. the thorax did not vary among the three groups: 119.8 ± 255 27.7 ng per ant (mean ± SE) for EXT, 81.1 ± 11.0 for INØ and 132.3 ± 32.8 for INB 256 (Kruskal-Wallis H (2, n = 53) = 1.67, P = 0.43) (See Fig. S1).
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 1 Figure Captions 487Fig. 1 -Encapsulation rate (darkness value of implant) in three groups of workers of Acromyrmex 488 subterraneus subterraneus. Superscript letters indicate significant differences among the groups, not 489 among the colonies (Unequal N HSD, P < 0.05). The numbers inside each column indicate the n 490 value. (Mean ± SE) 491 Fig. 2 -Encapsulaton rate (darkness value of implant) of workers with bacterial coating after five 492 treatments to remove actinomycetes and control. Superscript letters indicate significant differences 493 among the groups (Unequal N HSD, P < 0.05). The numbers inside each column indicate the n value. 494 (Mean ± SE) 495
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		referred to those whose head, thorax and gaster were entirely covered with bacteria from a top
	126	
	127	Kortet, 2004). We used three three-year-old colonies (A, B, and C) for measuring the
	128	encapsulation rate of A. subterraneus subterraneus workers. Three groups of workers of
	129	similar size (approximately 2.4 mm of head capsule width) were defined based on their nest
	130	location (internal/external) and the extent of actinomycetes covering their cuticle (clearly
	131	visible/not visible): (1) external workers without visible bacteria covering the body (EXT), (2)
	132	internal workers with bacteria covering the whole body (INB) and (3) internal workers
	133	without visible bacteria covering the whole body (INØ). Considering the wide variation in
	134	bacterial coverage of the ants, we have chosen two distinct worker classes. INB workers

135 view. This pattern corresponds to "score 12" (maximum) established and used by Poulsen et 136 al. (2003a). From a top view, the EXT and INØ workers exhibited no coverage of bacteria on 137 the head, thorax and abdomen. Insertion of an artificial antigen in the hemocoel provokes its 138 encapsulation, and this method has been frequently used to evaluate insect immunity (de 139 Souza

  health of the workers. We are also conducting experiments to evaluate the action of an 283 actinomycete isolate from A. subterraneus subterraneus against entomopathogenic fungi 284 isolate from the same ant species. Preliminary results have shown inhibitory effects of the 285 actinomycete against the entomopathogenic fungus Aspergillus ochraceus.

	307	pathogens, parasitoids or predators. The actinomycetes" ability to produce a wide range of
	308	secondary metabolites, including several with antibiotic properties, partially accounts for this
	286	
	287	The variation of encapsulation rate between the groups is not a function of worker
	288	location because the encapsulation rate of internal workers without actinobacteria is similar to
	289	that of external workers without actinobacteria. Consistent with our studies, Armitage and
	265	Boomsma (2010) have found a significant increase in phenoloxydase activity (an enzyme
		4. Discussion
	276	
	277	maintenance, and progress to tasks outside as they age (Wilson, 1971). Recently, it has been
	278 302	demonstrated that Actinobacteria constitute a line of defense against entomopathogenic fungi
	279 303	in Attini ants (Mattoso et al. 2012). These authors verified that experimental removal of the lower intensity have been demonstrated against other fungi, including entomopathogenic
	304	bacterial coating after antibiotic treatment increased the susceptibility of A. subterraneus fungi (Haeder et al., 2009). Under more vulnerable conditions, where the immune system of
	305	younger workers is less active, actinobacteria may offer protection against pathogens. It has
	306	been demonstrated that other insects can be protected by symbiotic actinobacteria against

266

The encapsulation rate of Acromyrmex subterraneus subterraneus workers with a 267 visible actinobacteria coating was significantly lower than that of workers without bacteria. It 268 seems that ectosymbionts are not responsible for reducing this immune response because their 269 removal did not increase the encapsulation response. Instead, the results suggest that 270 actinobacteria could give protection to young workers until maturation of their immune 271 system. We affirm that internal workers with bacteria are younger and external workers older; 272 this conclusion is based (i) on our daily observation of laboratory colonies, which included 273 several Acromyrmex species, and (ii) on the studies conducted by Poulsen et al. (2003a) in 274 Acromyrmex octospinosus. Moreover, temporal polyethism is ubiquitous in social insect 275 colonies. Newly emerged workers perform tasks within the nest, such as brood care and nest 280 subterraneus workers to infection by the entomopathogenic fungus Metarhizium anisopliae. 281 This study offered direct evidence for the benefits of actinobacteria ectosymbionts to the 282 290 involved in melanization) in older workers of A. octospinosus. Our results, coupled with the 291 studies of Armitage and Boomsma (2010), highlight a pattern of increasing immunity as 292 Acromyrmex workers age. 293 Different attine ant species can use different strategies against pathogens. For example, 294 workers of Atta, another leaf-cutting ant genus, do not have visible actinobacteria and 295

completely lost the cuticular structures to rear actinomycetes

(Mueller et al., 2008)

. In Atta 296 sexdens rubropilosa, workers performing internal activities had a higher encapsulation rate 297 than those working outside the colony, which is different from what we observed for A. 298 subterraneus subterraneus

[START_REF] Ribeiro | 447 Immunocompetence and energetic metabolism in different groups of workers of Atta 448 sexdens rubropilosa (Hymenoptera: Formicidae)[END_REF]

. Comparative studies of immune response 299 among species, differing in the presence or absence of bacteria coating, could determine 300 whether ectosymbionts act to modulate innate immune responses in attine ants.

301

Actinomycetes seem to combat primarily Escovopsis spp., but inhibitory effects of

Naturwissenschaften, 90,[406][407][408][409] 
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Because products of bacterial metabolism may contribute to the colony odor and play 209 an important role in nestmate recognition (see for termites (Matsuura, 2001) and Minkley et 210 al. ( 2006)), we analyzed whether the hydrocarbons could have originated from actinobacteria.

211

A Pseudonocardia strain (GenBank accession code JF514546; the other two isolates were 212 JX543365 and JX543366) was isolated from A. subterraneus subterraneus workers (see 213 Appendix A for the isolation and identification of the bacterium), and we performed a pentane 214 extraction from a small piece of a 1 cm diameter of an agar pure culture that was analyzed as 215 previously described. We also analyzed the hydrocarbons on the gelose used for bacteria 216 culture in the same chromatographic conditions. 

Bacteria removing and encapsulation rate 228

The encapsulation rates of workers whose actinobacteria were removed by 229 streptomycin or a combination of streptomycin + penicillin were reduced in comparison with 230 control workers, brush-treated or penicillin-treated workers (Fig. 2). Ten days after treatment, 231 we could verify that the treatment had a highly significant effect (F 5, 72 = 8.92, P < 0.001). We