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24  Abstract:

25 A halmark of the desert locust’s ancient and deserved reputation as a devastating
26  agricultural pest is that of the long-distance, multi-generational migration of locust
27 swarms to new habitats. The bacterial symbionts that reside within the locust gut
28 comprise a key aspect of its biology, augmenting its immunity and having also been
29  reported to be involved in the swarming phenomenon through the emission of attractant
30 volatiles. However, it is still unclear whether and how these beneficial symbionts are
31 transmitted vertically from parent to offspring. Using comparative 16S rRNA amplicon
32 sequencing and direct experiments with engineered bacteria, we provide here evidence of
33 thevertical transmission of locust gut bacteria. The females perform this activity by way
34  of inoculation of the egg-pod’s foam plug, through which the larvae pass upon hatching.
35  Furthermore, analysis of the biochemical structure of the foam revealed chitin to be its
36  major component, along with immunity-related proteins such as lysozyme, which could
37 beresponsible for the inhibition of some bacteria in the foam while allowing other, more
38 beneficial, strains to proliferate. Our findings reveal a potential vector for the
39 transgenerational transmission of symbionts in locusts, which contributes to the locust

40  swarm’'s ability to invade and survive in new territories.

41
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42  Introduction:

43 Locusts (order: Orthoptera) have affected the lives of people at least since biblical times
44  (Old Testament: Exodus 10: 4-19), and still constitute a serious agricultural threat today
45 (FAO 2020; Zhang et al., 2019). During locust outbreaks or plagues, these highly
46  polyphagous insects (Chagpman & Joern 1990) perform long-distance migrations,
47  devastating agriculture in large parts of the developing world (FAO 2020; Symons &
48  Cressman 2001; van Huis et a., 2007; Cease et al., 2015). The desert locust (Schistocerca
49 gregaria) is a well-known locust species, mostly originating in the African Sahel
50 (Symons & Cressman 2001; Cease et a., 2015; Lorenz 2009). Under the appropriate
51  conditions, S. gregaria swarms develop and can potentially reach the Arabian Peninsula,

52 theMiddle Eadt, southern Europe, and even south-west Asia (FAO 2020).

53 These large-scale migrations comprise several consecutive generations (Symons &
54  Cressman 2001; Skaf et al. 1990). Each generation devel ops through five nymphal instars
55 into reproductive adults ((Symons & Cressman 2001). Post-copulation, females oviposit
56  their egg pods within the soil, enveloping the eggs in a fine sheath of foamy secretion of
57  previously unknown composition. The same secretion is deposited as a thick foam plug
58  above the egg pods (Fig. 1). Upon hatching the young hatchlings crawl through the foam
59  plug to reach the soil surface and start a new locust generation (Symons & Cressman

60  2001; Uvarov 1997; Hagele et al., 2000).

61  Animportant aspect of the desert locust biology is that of its symbiosis with the bacteria
62  inhabiting its hindgut. These bacteria have been shown to augment the locust’s immunity
63  through colonization resistance (Dillon & Charnley 1995, 2002; Dillon et al., 2000,

64  2005), and were also suggested to contribute to maintaining the swarm’s integrity
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65  through the emission of attractant volatiles (Dillon & Charnley 2002; Dillon et al., 2000,
66  2002). Although S. gregaria does not engage in an obligate interaction with any specific
67 bacterial gpecies, it is consstently associated with bacteria of the families
68  Enterobacteriaceae and Enterococcaceae (Dillon & Charnley 2002, Shi et al., 2014,
69 Lavy et al., 2019, 2020). It has been traditionally believed that the locust’s acquired
70  bacteria are strictly environmentally-determined (Dillon & Charnley 2002; Salem et al.,
71 2015). However, migrating S. gregaria in their swarming phase encounter a variety of
72 different environnements, plants, and ovipostion dtes, which vary in terms of the
73 bacteria to which the locusts are exposed (Cease et a., 2015; Uvarov 1977; Popov 1958;
74  Pener & Simpson 2009; Souss et al., 2015). Hence, it is unlikely that the habitat of the
75  newly-hatched individuals can be the sole source of the bacterial agents that eventually
76  play the pivotal physiological roles noted above. Rather, we hypothesized that the locusts
77  possess a core microbiome that is vertically transmitted across generations; and that the
78  effect of such a mechanism could be amplified through a selectivity trait of the locusts or

79  through the transmission mode of the symbionts.

80 There are numerous examples of insects that inoculate their offspring with beneficial
81  bacteria, through different mechanisms. The burying beetle (Nicrophorus vespilloides),
82  for example, manipulates the bacterial composition of the carcasses upon which its larvae
83 arereared (Shuklaet al., 2017), and inoculates its young with advantageous gut bacteria
84 (Wang & Rozen 2017, 2018). Other examples include brood-cell smearing with
85  protective vertically transmitted Sreptomyces by digger wasps (Katenpoth et al.,
86  2005,2019; Koriss et a., 2010; Engl et a., 2018); and symbiont-enclosing capsules

87  deposited by Plataspidae (suborder: Heteroptera) females to enable symbiont acquisition
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88 by ther hatchlings (Fukatsu & Hosokawa 2002). These and other inoculation
89  mechanisms have been thoroughly reviewed in the past (Salem et al., 2015; Onchuru et

90 al., 2018).

91 We recently reported the same operational taxonomic unit (OTU), assgned to
92  Enterobacter (Enterobacteriaceae), as being present in gregarious and solitary locusts
93  (both laboratory-reared) across severa generations (as well as in field-collected S
94 gregaria; Lavy et a. (2019)). This finding suggests transgenerational symbiont
95 inoculation in the desert locust. Here, we examined whether locusts vertically transmit
96 beneficial bacterial agents, and uncovered a mechanism by which bacteria may be
97 inoculated across generations, contributing to the successful migration of locusts to new

98 territories.

99  Reaults

100  Since it had been shown previoudly in the desert locust that bacterial agents are not
101 transmitted vertically through the germline (Charnley et al., 1985), we employed 16S
102  rRNA gene amplicon sequencing to compare the bacterial composition of gregarious S.
103  gregaria femalesto that of their offspring and to the immediate environment of their egg

104  pod (i.e. foam and sand) (data are openly available in the SRA archive: PRINA598984).

105  In an attempt to explore uncover the possible routes of symbiont transmission, our first
106  analysis compared the bacterial composition of hatchling and pre-hatched siblings
107  derived from the same egg pod: hatchlings (newly-hatched locusts that had climbed to the
108  soil surface; n=16 egg pods), and pre-hatchlings (viable, healthy-looking embryos,

109  excavated minutes before their estimated hatching time; n=11 egg pods). The individuals
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110  resulting from these two treatments have been shown to differ in both their bacterial
111 diversity (mean values of Shannon diversity index: 2.09 and 1.28 respectively; Fig. 2)
112 and in their overall bacterial composition (genus level, Bray-Curtis-based analysis of
113 smilarities*ANOSIM’: R=0.15, p=0.024). Assuming that no bacterial transmission
114  occurs through the germ line (Charnley et al. 1985, Dillon and Charnley 2002) these
115  differences in bacterial composition found between the two treatments suggest that the
116  hatchlings acquire bacteria from their immediate environment post-hatching, with either
117  the foam or the surrounding sand as potential sources of inoculation. Moreover, the foam
118  samples (n=15 egg pods) showed a significantly higher bacterial diversity in comparison
119  to the sand samples (n=16 egg pods) (mean values of Shannon diversity index: 1.07 and
120  1.74 respectively, Fig. 2), indicating the foam plug (through which the offspring must

121 crawl post-hatching), as a potential bacterial reservoir and source of inoculation.

122 Next, we identified 23 common amplicon sequence variants (ASVs) shared among the
123 hindgut of the females (i.e. the mothers), the foam plug and the hatchlings, including
124  sequences assigned to the genera Enterobacter, Klebsella, and Corynebacterium, which
125  have been previously shown to be associated with S gregaria (Dillon et a., 2002; Lavy
126 et al., 2019, 2020; Fig. 3b). Further analysis of the core genera (comprising the bacterial
127  composition of at least 80% of each sample type) revealed that while Corynebacterium
128  was prevaent in the foam and hatchling samples, it did not pass the threshold to be
129  considered as core bacterium in the hindgut (did not reach >80% of the gut samples).
130  Other core bacteria prevaent in the female hindgut, such as Weissella, were absent from
131 both the foam and hatchlings (Fig 3). Nevertheless, a comparison of ASVs in full sets of

132 mothers and their specific foam plugs and offspring, revealed the presence of the same
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133  ASV assigned to the genus Corynebacterium (ASV 2), as being shared among these

134  samplesin 10 out of 14 sets (~71%, Table 1).

135  Further paired-sample analysis of the same data revealed a significant correlation
136  between the relative abundance of Corynebacterium in specific foam plugs and the
137  hatchlings that had crawled through these plugs (Fig. 4). Such correlation of relative
138  abundance levels was not observed for the pre-hatching individuals and the foam plugs,
139  nor for the hatchlings and the sand surrounding them. These findings further suggested a
140 role for the foam plugs in the post-hatching bacterial acquisition, and that the genus

141 Corynebacteriumistransmitted in such a manner.

142  To test the above hypothesis, we then compared the levels of Corynebacterium in foam-
143  deprived hatchlings ("without foam" treatment; n=18 egg pods), which were manipulated
144  to experience only the surrounding sand post-hatching, with that in their non-manipulated
145  siblings ("with foam" treatment; n=19 egg pods). The latter showed significantly higher
146  levels of Corynebacterium post-hatching (Fig. 5). This validated the above-noted
147  hypothesis and also supported the hypothesized role of the foam in the vertical

148  transmission of these bacteria.

149  The next step in confirming our hypothesis would have been to demonstrate in-vivo the
150 inoculation of the foam with Corynebacterium. However, despite substantial efforts, we
151  were unable to isolate any locust-associated Corynebacterium from any of the animals.
152  Therefore, in order to directly test the possibility of the female gut as a source of the foam
153  bacteria, we inoculated locust females with a strain of Klebsiella pneumoniae isolated
154  from locust feces. We genetically engineered that strain (see Methods) to contain two

155  selectable markers that confer resistance to the antibiotics kanamycin and streptomycin.

7
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156  That resistant Klebsiella strain was found to be present in the inoculated female's feces 7
157  days post-inoculation. Consequently, we concluded that it was stably maintained in the
158 female gut and we then allowed these locusts to lay eggs in sterilized sand. On day 1
159  post-oviposition this Klebsiella strain was found in 11 out of 15 foam plugs secreted by
160 these females, but in only 3 samples of the sand surrounding the egg pods. The
161  engineered Klebsiella strain was still detectable in five foam plugs and two sand samples

162  after 10 days.

163  Chemical analyses

164  The absence of Weissdlla (which was very dominant in the female gut; Fig. 3a) in the
165 foam, combined with the constant presence of Corynebacterium and other locust
166  associated bacteria, such as Klebsiella (Fig. 3a) in the plugs, suggested some bacterial
167  selectivity traits of the foam. To determine whether the foam plug might possess
168  biochemical properties that select for particular microbes, we analyzed its composition.
169  We determined the foam plugs' total protein content by elemental analysis, and identified
170  the protein repertoire usng SDS-PAGE and M S analysis. Elemental analysis of the foam
171 plug (Table. 2) indicated the presence of ~0.63% nitrogen, which is trandated to a 3-
172 3.5% protein fraction. Nevertheless, this small protein component contained at least eight
173  proteins that, out of the 42 proteins that could be identified by mass spectrometry, could
174  be attributed to the locust’'s immune system, such as a thaumatin-like protein,
175  prophenoloxidase, and lysozyme (Tables 3), (Table. S3). The low protein content of the
176 ~ foam suggests that it mostly comprises carbohydrates. However, the extremely stable and
177  hydrophobic nature of the foam prevented a carbohydrate profile analysis. Since the foam

178 is insect-derived, we hypothesized that these carbohydrate molecules are composed of


https://doi.org/10.1101/2020.09.15.296319

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.15.296319; this version posted September 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

179  chitin or achitin-like polysaccharide. Treating the foam with chitinase (a chitin degrading
180  enzyme) caused it to lose its hydrophobicity and to change in shape and color (Fig. 6),
181  thus confirming our hypothesis that chitin was a major component of the plug, but

182  probably not the only component.

183  Discussion

184  The success of locust swarms in covering very large distances and conquering new
185  grounds during an upsurge (Symmons & Cressman 2001; Skaf et al., 1990) may be, at
186 least partly, attributed to the locust's interaction with its beneficial gut microbes, which
187  are important for its immunity (Dillon & Chrnley 1995, 2002; Dillon et a., 2005) and
188  may also be instrumental in maintaining locust aggregation behavior (Dillon & Chrnley
189  2002; Dillon et al., 2000, 2002). Though much knowledge has been acquired concerning
190 the locusts bacterial symbionts (Dillon & Chrnley 2002; Shi et al., 2014; Lavy et d.,
191  2019,2020), the mechanism that maintains these bacteria within the population and
192  possibly transmits them from one generation to the next, has remained unclear. The
193  commonly suggested hypothesis has been that locusts acquire their endosymbionts as
194  hatchlings from their environment (Dillon & Charnley 2002). However, the importance
195 of these bacteria and the diversity of feeding and oviposition habitats that females
196  encounter while migrating (Popov 1958; Uvarov 1977; Pener & Simpson 2009; Cease et
197 d., 2015), make it likely that they possess some sort of mechanism to ensure the
198 inoculation of their offspring with beneficial bacteria. Here, we have shown that S
199 gregaria females deposit bacterial symbionts in the foam they secrete on top of ther
200 eggs, which in turn seems to act as a selective reservoir of these bacteria, passively

201 inoculating the offspring post- hatching.
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202  Our data suggest that the locust hatchlings acquire these bacterial symbionts post-
203 hatching, while climbing to the surface through the foam plug. The bacteria ASVs,
204  shared among the femal€e's gut, the foam, and the hatchlings, provide further evidence of
205  the maternal origin of these foam-inhabiting bacteria. These findings of post-hatching
206 inoculation are in agreement with the possibility of obtaining bacteria-free (axenic)
207  locusts through egg surface-sterilization (Charnley et al., 1985), indicating that germ line

208  transmission does not take place in this insect species.

209 However, our experiments indicate that the inoculation process is aso somewhat
210  selective: Weissella, for example, which is highly prevalent in the mother's gut, was not
211 found ether in the foam or in the offspring samples at the end of the incubation period
212 (11 days at 37°C in this case). It seems that during this period, factors in the foam
213 enabled specific bacteria strains to proliferate, while inhibiting others. The presented
214  data concerning the link between the Corynebacterium in the foam and that in the
215  hatchlings emerging through it, further supports this hypothesis of foam selectivity;
216  which also explains the difference in bacterial composition between the mother's hindgut

217  and the foam.

218  Although we failed to successfully cultivate locust-associated Corynebacterium strains,
219  we were able to demonstrate the transmission of a genetically-modified locust-isolated
220 Klebsdla strain from the female gut to the foam plug. Our results clearly indicate that
221 locust females inoculate the foam with gut bacteria upon oviposition, offering a possible

222 routefor bacteriathat originate in the female gut, to reach her offspring.

223  Both Enterobacter and Klebsiella, which we found to be shared among locust mothers
224  and offspring, were also consistently found as hindgut bacterial symbionts of the desert

10
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225  locust in previous studies, and species of both genera were found to produce guaiacol and
226 phenol,which are considered to be cohesion pheromones that help to maintain the
227  integrity of the swarm (Dillon et al. 2000; Dillon & Charnley 2002). Moreover, we
228 previoudly demonstrated the consistency of the same Enterobacter lineage through
229 severa generations of laboratory-reared locusts as well as field-collected S gregaria
230 (Lavy et a., 2019). Those findings suggested the existence of a mechanism responsible
231 for maintaining these gut bacteria within the population, including a transgenerational

232 inoculation mechanism, such as the foam which was the focus of the present study.

233 Corynebacterium is known to inhabit insects of different orders (e.g. Zucchi et a., 2012;
234 Segataet al., 2016; Tobias 2016; Park et al., 2019), as well as the reproductive system of
235 locust females (Lavy et al., 2020). Itoh et a. (1996, 1997) identified several
236  Corynebacterium species that have the rare ability to utilize gaseous acetophenone as a
237  sufficient carbon source to ensure their proliferation. Acetophenone has also been
238 identified in the gaseous fraction emitted from foam plugs secreted by S gregaria
239 females (Rai et al., 1997). It is thus plausible that the acetophenone in the foam enriches
240  Corynebacterium species that, in turn, can produce antibiotic substances (Tobias 2016;
241  Gumid et a., 2015). The locusts thereby "feed" the bacteria that in turn contribute to

242 protecting the locusts’ eggs.

243  However, this is not the only mechanism that locusts appear to utilize to ensure the
244  presence of specific bacteria in the foam. Mass-spectrometry analysis of the protein
245  fraction of the foam reveadled several immune-related peptides, such as lysozyme, a
246  thaumatin-like protein, and prophenoloxidase. We speculate that the presence of these

247  peptides in the medium surrounding the eggs provides an extra layer of protection in

11
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248  addition to the mechanical barrier of the foam itself. This additional protection could
249  potentialy prevent chitin-degrading pathogens from damaging the eggs, as in the case of
250  the chironomid (Chironomus sp.) and Vibrio cholerae interaction (Broza & Halpern
251  2001; Laviad et a., 2016). In the locust’s case, it is possible that the gram-positive
252  targeted lysozyme (Raglan & Criss 2017) in the foam is responsible for the absence of
253  Waeissella (a firmicute) in the foam and offspring, despite its dominance in the maternal
254  gut samples. Thisisin contrast to Corynebacterium (an actinobacterium), which shows
255  resistance to lysozyme due to its unique mycolic acids containing an outer membrane
256  (Hirasawa et al. 2000, Toyoda et al. 2018), thus enabling it to proliferate in this

257  environment and to be transmitted to the hatchlings as they crawl through the foam.

258  We have demonstrated here that chitin isamajor component of the locust foam plug. The
259  solid, hydrophobic nature of this polysaccharide probably may act as a physical
260  protective layer against predatory organisms as well as against desiccation. To the best
261 of our knowledge, such use of foam to protect an egg-mass, both mechanically and
262 immunologically, has been known to date only from a few foam-nesting frog species.
263  These frogs cover their eggs with a protein-rich foam to protect them from desiccation

264  and pathogens (Cooper & Kennedy 2010).

265 In previous studies we had hypothesized that the desert locust employs some sort of
266  mechanism in order to inoculate its offspring with beneficial bacteria; and, accordingly,
267 that it maintains specific bacterial symbionts within the population across generations
268  (Lavy et al., 2019, 2020). Here we have provided evidence suggesting that the foam
269  deposited above the eggs has the potential to serve as such an inoculation mechanism.

270  Furthermore, we provide data indicating that the foam is more than merely a reservoir for

12
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271 the bacteria deposited by the mothers; it is also a selective medium, potentialy
272 supporting mutualistic species while inhibiting the proliferation of others, thus

273  maintaining a beneficial bacterial consortium for transmission across locust generations.

274  We are far from fully understanding the contributions of microbes to locust biology; and
275  further in-vivo experiments, as well as exploration of the possible fungal and viral
276 symbionts residing within the locusts, are needed in order to elucidate these important
277  interactions. Nevertheless, the findings presented here provide important insights into a
278 little addressed aspect of the locust's ability to execute long-distance, trans-generational

279  devastating plagues.

280

281  Experimental procedures:

282  To test the hypothesis of symbiont vertical transmission, we chose to combine several
283  approaches. First, we employed 16S rRNA amplicon sequencing in order to determine
284  the bacterial composition of locust females, their offspring, the potential bacterial
285  inoculation vectors that constitute the eggs’ immediate surroundings (in the present study
286  this was the sand in which the female oviposited), and the foam plug secreted onto the
287 egg pod itsdlf (Fig. 1c). We then used an engineered bacterium to test for in-vivo
288  maternal inoculation. Finally, we applied a biochemical approach to analyze the foam's

289  composition, as a candidate vector for the symbionts maternal inoculation.

290  Egg pod sampling

13
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291  Gregarious locusts were reared under crowded conditions for many consecutive
292  generations at 33+3°C and a photoperiod of 14L:10D, and fed fresh wheat grass and dry

293  oats (for details see Lavy et al. 2019).

294 In order to examine the possibility of transgenerational bacterial transmission, we
295  conducted an experiment comparing the bacterial composition of locust mothers with that

296  of their newly-hatched and viable pre-hatched offspring.

297 Newly-matured females were introduced individually into11x12x14.5 cm metal cages
298  containing two mature males and food. A 50 ml centrifuge tube (Corning, NY, United
299 States) filled with autoclaved moistened sand was replaced daily until oviposition
300 occurred and egg pods were detected. The femaes were then sacrificed and kept

301 individually in 70% absolute ethanol, at -20°C, until tissue sampling.

302  Thetubes containing egg pods were incubated at 37°C. Around day 11 of incubation (the
303 typical duration of embryonic development under these conditions) the tubes were
304 meticulously examined for the presence of hatchlings. Upon detection (within 30 min of
305 their emergence onto the sand surface) three hatchlings were collected into a 1.5 plastic
306  tube using sterile forceps (each pooled hatchling group is considered as one sample). The
307 egg pod was then excavated and three healthy-appearing locust-bearing eggs were

308 collected in the same manner.

309 The pooled hatchlings and the unhatched larvae were sacrificed, washed, and vortexed
310 five times x 1 minute in filtered saline (0.9% NaCl) to remove unattached external
311  bacteria (Fukatsu & Hosokawa 2002), and stored in 70% absolute ethanol at -20°C until

312 further use. Samples of the foam and the surrounding sand were also collected from each

14
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313  tube containing an egg pod and stored in the same manner, allowing us to assign hatched
314 larvae to their unhatched siblings and to the foam and the sand from the same tube (i.e.

315  the same egg pod).

316  Controlling for the foam as an inoculation source- with and without foam treatment

317  Sexualy-mature females were housed individually and supplied with sand-filled
318 oviposition tubes as described above. Prior to autoclaving, the sand tubes were cut
319 longitudinally and then re-attached. After the female had laid eggs, the egg pods were
320 incubated at 37°C for five days. On day 5 post-oviposition, the tubes were opened along
321  thepre-made cut and some of the eggs were removed and placed in a fresh similar tube of
322 autoclaved sand. The original egg-containing tubes were resealed and incubated. The
323 eggs that had remained in the original tube gave rise to hatchlings that surfaced through
324  the foam plug (foam treatment), while the hatchlings emerging from the relocated eggs
325 surfaced only through a layer of moistened sand (without foam treatment). Upon
326  surfacing, the hatchlings were collected in groups of three, washed five times as

327 described above, and stored in 70% absolute ethanol at -20°C until further use.

328  Gut sampling of females

329 Thelocusts wings and limbs were dissected out and their body surface was sterilized by
330 submerging in 1% NaOCI solution for 2 min followed by two consecutive washings in
331 fresh double-distilled water. The bodies were then dissected aseptically (according to the
332 protocol detailed in Lavy et al. (2019)) and their hind-gut collected. The excised samples

333 werekept individually in 70% absolute ethanol at -20°C until DNA extraction.

334  DNA extraction and sequencing
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335  Ethanol was removed and bacterial genomic DNA was extracted using the “ Powersoil”
336 DNA isolation Kit (Mo Bio Laboratories Inc., Carlsbad CA, United States), according to
337  themanufacturer’sinstructions, using 60 pl for final DNA elution. To determine bacterial
338 composition, polymerase chain reaction (PCR) of hypervariable areas V3 and V4 of the
339  prokaryotic 16S rRNA gene was performed on the extracted DNA; using a universa
340  primer containing 5-end common sequences (CS1-341F 5-
341 ACACTGACGACATGGTTCTACANNNNCCTACGGGAGGC AGCAG and CS2-
342 806R 5-TACGGTAGCAGAGACTTGG TCTGGACTACHVGGGTW TCTAAT). PCR
343  conditions: initial step of 94°C for 2 min, followed by 30 PCR cycles of denaturation at
344  94°C for 30 sec, annealing at 50°C for 30 sec and extension at 72°C for 30 sec, ending the
345  reaction with 4 min at 72°C. The reactions were performed using the PCR master mix Go
346 Tag® Green Master Mix (Promega Corporation, Madison, WI, United States). PCR
347  product validation was conducted by agarose gel 1% electrophoresis, and validated
348  samples were sent for deep sequencing of the amplified amplicons (~430 bp per read),
349  conducted on an Illumina MiSeq platform at the Chicago Sequencing Center of the
350  University of Illinois. Tubes containing all reagents but lacking samples, were added to

351  every sequencing batch to rule out contamination.
352  Dataanalyses

353  Demultiplexed raw sequences were quality filtered (bases with a PHRED score < 20 were
354 removed) and merged using PEAR (Zhang et al., 2014). Sequences of less than 380 bp
355  (after merging and trimming) were discarded. Data were then analyzed using the
356  Quantitative Insights Into Microbial Ecology (QIIME) package (Caporaso et a., 2010)

357 and Vsearch (Rognes et al., 2016) was used for chimera detection and eimination.
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358 Merged and trimmed data were additionally analyzed with the DADAZ2 pipeline
359 (Calahan et a., 2016) to infer exact sequences for amplicon sequence variant (ASV)
360 analyses. Chloroplast and E-coli sequences were excluded from the downstream analysis
361 due to the known gut content, and to our inability to completely avoid Master Mix
362  derived E-coli fragments. Average read depth was 21,910 seqs/sample (range 1-56,830).
363 Data were rarified to 980 seqs/sample prior to analysis. The "with foam" and "without
364 foam" sections were analyzed separately, and the data of this part were rarefied to 1100
365 segs/sample. All statistical analyses were conducted using R v.3.4.1. (R core team 2013).
366  Bray-Curtis based Analysis of similaritiessAnosim, principal coordinate analysis (PCoA),
367 and Spearman’s rank correlations were carried out using the vegan 2.4-3 package

368  (Oksanen et al., 2008).

369 In-vivo foaminoculation

370  Weused astrain of Klebsiella pneumoniae isolated from locust females and introduced it
371 with two different antibiotic resistance markers to test for in-vivo bacterial transmission

372 from the female gut to the egg pod and its surroundings, according to the following steps:

373 1. Electroporation of plasmid for kanamycin resistance:

374  Locust-isolated K. pneumoniae (top hit type-strain: ATCC 13884(T), similarity: 99.76%),
375  grown overnight, was inoculated into a fresh lysogeny broth (LB) and incubated at 37°C
376  for 90 min. The cells were then chilled on ice, harvested by two rounds of centrifugation
377 (4000 rpm for 10 min) and washed with double-distilled water, followed by resuspension
378 in 10% glycerol. 60 pl of cell suspension was mixed with 2 pl of pUAG6 (a non-

379  conjugative, low-copy plasmid, Zaslaver et al., 2004) and el ectroporated. The cells were
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380  thentransferred into 1 ml LB broth and incubated at 37°C for 1 h, followed by plating on
381 a selective subdtrate (final concentration of kanamycin: 50 pg/ L) to select for the

382  resistant phenotype of pUAGG.
383
384 2. Streptomycin resistant mutation induction:

385 1 ml of pUA66 harboring K. pneumoniae LB culture was centrifuged, washed, and re-
386  suspended in saline 0.9% NaCl. 100 pl was then applied onto LB plates containing both
387  kanamycin (50 pg/ml) and streptomycin. (100 pg/ml). A K. pneumoniae colony that had
388  been formed during overnight incubation at 37°C was applied onto a fresh selective plate

389 to maintain the resistant strain.
390 3. Resistance stability

391  The engineered bacteria were cultured in antibiotic-free LB at 37°C. Every 24 hours 100
392 I were transferred to a fresh 2 ml LB medium and an additional 100 pl were applied
393 onto selective plates overnight. Suspected Klebsiella colonies from each plate were
394  boiled for 10 min in 20 pl of double-digtilled water. 1 pl of the boiled mixture was then
395 used for diagnostic PCR with specific pUA66 primers (forward primer, 5'-
396 CATAAGATGAGCCCAAG-3; reverse primer, 5-GTCAGTACATTCCCAAGG-3) to
397  verify pUAGG presence. PCR conditions were: initial step of 94°C for 2 min, followed by
398  thirty PCR cycles of denaturation at 94°C for 30s, annealing at 50°C for 30s and
399  extension at 72°C for 30s. Ending the reaction with 4 min at 72°C. The enzyme used in
400 this reaction was PCR master mix KAPA2G Fast™ (KAPA Biosystems, Wilmington,

401  MA, United States).
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402 4. Inoculation

403  Fifteen mature female locusts were force-fed with 50 pl saline containing ~ 615 X 10°K.
404  pneumoniae cells and transferred together to a femae-only cage. One-week post-
405 inoculation fecal pellets were collected from each individual female, applied onto a
406  selective MacConkey agar, incubated for 24 h at 37° C, and diagnostic PCR for pUAG6
407  presence was conducted on Klebsiella-suspected colonies from each plate to confirm the

408  presence of the engineered bacteriain the females' gut.

409  The females were then transferred individually to 11x12x14.5 cm metal cages containing
410 two mature males, and fresh tubes of autoclaved sand and food were replaced daily.
411 Within 24 hours of oviposition, a sample of the foam plug (n =15) and the surrounding
412  tube-sand (n =15) was diluted and streaked on selective agar MacConkey plates, and
413 incubated at 37°C for 24 h. pUAG6 diagnostic PCR was performed on Klebsiella-

414  suspected colonies from each plate.
415  Foam biochemical analysis

416  Mature female locusts were kept individually in metal cages containing two mature
417 males. As oviposition substrate they were provided with a 50 ml centrifuge tube
418  containing chemically inert glass beads (diameter: 1 mm) (Paul Marienfeld GmbH & Co.

419 KG, Lauda-Ko6nigshofe, Germany) saturated with double-distilled water.

420  Thetubes were replaced daily and, when oviposition occurred, the egg pod was collected
421  and its foam plug was removed and washed in double-distilled water to remove the glass
422  beads. The foam was then left for 24 hours to dry at 4°C and the dry foam was kept at

423 room temperature until chemical analysis.
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424  For elemental analysis measurements, the foam plugs were crushed manually, the glass
425  beads were removed, and the crushed matrix was soaked in 0.5M NaOH in 25°C until
426  complete decomposition (clear yellowish solution). The soluble hydrolysis products were
427  filtered from the beads, lyophilized, and analyzed. The nitrogen content was converted to
428  protein according to the Nitrogen-to-Protein conversion factor range for insects reported

429 by Janssen et a. (2017).

430 In order to analyze the foam protein content, 1.5g of crushed foam plugs (with the glass
431  beads) were mixed with 8 ml ethanol and sealed in a 14 ml glass vial. The mixture was
432  incubated at 60°C for 96 h until the foam had almost completely decomposed. Ethanol
433  evaporation was performed in an 80°C dry bath and the pellet was dissolved in reducing
434  sample buffer (containing f-mercaptoethnol) for SDS-PAGE analysis. The sample was
435 Dboiled at 100°C for 10 min. Finally, SDS-PAGE analysis was performed with 15%
436  acrylamide gel at 90V for 4 h. The six main identified bands (Fig. S1 in supporting
437  information) were analyzed by Mass-Spectrometry (MS) in the Smoler Protein Research
438  Center at the Technion, Haifa. The screening of protein results was performed against the
439  Acrididae and Locusta protein data-bases. Only identified peptides that passed the False
440 Discovery Rate (FDR) correction with a 99% confidence interval were used for further

441  analysis.

442  Since the samples could not be dissolved in a manner that would enable carbohydrate
443  analysis, we incubated 0.04 g of sand-coated foam plugs in 50 mM potassium phosphate
444  (pH 6.0) buffer with decreasing chitinase concentrations (Sigma- Aldrich, St. Louis, MO,

445  USA), in order to determine chitin or chitin-like presence in the foam.
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L egends:

Table 1. Bacterial amplicon sequence variants (ASV's) shared among samples of locust
females, the foam plug secreted by those specific females, and the hatchlings emerging
through this foam (only full sets of samples are presented, n=14 sets). The bacterium

Corynebacterium (bold) is shared among 10 of the 14 data sets.

Table 2: Elemental analysis of locust nest plugs.

Table 3: Proteins found in the foam plug and suspected to constitute immunity-

conferring agents that may play a bacterial regulatory role in the foam plug. Thisis a
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594  partia list of 8 out of 40 proteins. Only immunity-related proteins are presented here. The

595  full protein list can befound in Table S3.

596

597  Figure1: lllustrations showing (a) A female locust extending its abdomen while digging
598 inorder to lay eggsin the soil and laying eggs up to 14 cm deep in the soil. (b) The egg
599  podisenveloped in a secretion of foam. (b1) The foam sheath surrounding the eggs,

600 partialy removed to illustrate the foam plug above the eggs.

601

602  Figure 2: Genus-level, Shannon biodiversity indexes of the bacterial composition of the
603  hatched and unhatched siblings, as well as the foam and sand surrounding the eggs.
604  Differences between the groups were analyzed by Kruskal-Wallis test and Dunn's post-
605  hoc test. Boxes within the violin represent the range containing 50% of the data points,

606 and the red horizontal lines denote the median.

607 Figure 3: (a) Relative abundance of the core bacterial genera (present in minimum 80%
608  of the samples of a specific tissue) in a female's hindgut (left, n=16), in the hatchlings
609  emerging through the foam (right, n=16), and in the foam (bottom, n=15). Inserts present
610  a sketch of the sample origin (highlighted in white). Bars representing bacteria noted in
611  themain text are colored. (b) Venn diagram of the dominant shared ASV's (> 75 reads per
612  sampletype) among the female s hindgut, the hatchlings, and the foam (background color
613  asin a, above). Taxonomical assgnment of the 23 shared sequences is listed to the right

614  of the diagram.
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Figure 4: Graphical representation of the significant correlation of Corynebacterium
relative abundance in the foam and in the hatchlings surfacing through that foam
(Spearman rho: p=0.005, r= 0.67, n= 15). Dots represent foam and hatchlings from the

same mother, and the gray area stands for the standard error.

Figure 5: Relative abundance comparison of Corynebacterium in locust hatchlings
surfacing in the with-foam and in the without-foam treatments. (Mann Whitney.

P<0.001).

Figure 6: Partial hydrolysis of the foam plug mass by incubation with decreasing order of

chitinase active unit (U) concentrations.

Figure S1. SDS-PAGE visualization of proteins extracted from the locust foam plug.
Two lanes represent duplicates and red squares represent the band numbering used for

MS analysis.

Figure S2: Relative abundance of the core bacterial genera (minimum of 80% presence
in the tissue samples) of the pre-hatching samples (n=11); and the sand samples (n=16).

Bacteria noted in the main text are uniformly colored.

Table S3: Full protein profile of the foam plug.
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632

Table 1:
633
FemaleID  Number of shared  Assigned genera
ASVs
1 non na
2 2 *Corynebacterium
Pseudocitrobacter
3 3 Corynebacterium
Paracoccus
Brevibacterium
4 1 Corynebacterium
5 1 Corynebacterium
6 2 Corynebacterium
Senotrophomonas
7 2 Corynebacterium
Brachybacterium
8 1 Klebsiela
9 non na
10 4 Corynebacterium
Klebsidla (x2)
Staphylococcus
11 3 Corynebacterium
Micrococcus
Pelomonas
12 2 Corynebacterium
Klebsiella
13 non na
14 4 Corynebacterium
Enterobacter
Brevibacterium
Enterococcus

* The Corynebacteriumassigned ASV, isidentical
throughout the presented data.
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634 Table2:
635
Repeat N (%) C(%) H(®%) S(%)
A 0741 2840 0358  0084b
B 0.519 3.540 0.129 ®37
638
639 Table3:
* Accession Description MW [kDa] Bandin Fig. S1 Reference
40949967 Thaumatin-like 26.00 3 Brandazza et al. 2004
protein
1120618827 Vitellogenin A 150.71 6 Song et al. 2013
1394299014 C-type lysozyme 79.99 6 Unpublished
972988174 Ferritin subunit 26.53 4 Bonillaet al. 2015
414079973 Prophenoloxidase 1 84.20 1 Unpublished
1231943145 Vitellogenin B 26.45 6 Unpublished
414145764 Chain C, Greglin 9.18 3 Derache et al. 2012
371942914 C-type lysozyme 15.69 1 Mohamed et al. 2016

* NCBI protein-accession number

640
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Enterobacter (4)
Klebsiella (7)
Corynebacterium (1)
Brevibacterium (2)
Paracoccus (1)
Stenotrophomonas (1)
Acinetobacter (2)
Achromobacter (1)
Staphylococcus (1)
Enterococcus (1)
Bacillus (1)
Pseudocitrobacter (1)
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