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Fig. S1. Activity-guided survival assessment of free-living S. coelicolor (top, indicated by the symbol 
of filamentous bacteria) and symbiotic S. philanthi (bottom, indicated by the beewolf head) upon 
exposure to 1% NO diluted in N2 or pure N2 in vitro (indicated by the petri dish), using a fluorescent 
live-dead stain on a petri dish. Columns show fluorescent images of three technical replicates of S. 
coelicolor and S. philanthi 0h and 6h after N2 or NO treatment, respectively. Yellow: SYTO9 stain 
of cells with intact cell membranes, i.e. living cells. Magenta: propidium iodide stain of cells with 
compromised cell membranes, i.e. dead cells. Scale bars: 200 µm. 
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Fig. S2. PCA plots of transcriptome experiments of (A) free-living S. coelicolor (indicated by the 
symbol of filamentous bacteria), (B) symbiotic S. philanthi (indicated by the beewolf head) 2 h (non-
filled symbols) and 6 h (filled symbols) after in vitro exposure (indicated by the petri dish) to pure 
N2 (squares) or 1% NO diluted in N2 (circles), and (C) symbiotic S. philanthi in antennal gland 
secretions incubated in beewolf brood cells (indicated by the beewolf brood cell) without (squares) 
or with an egg (circles). Expression values were rlog-transformed for PCA analysis.  
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Fig. S3. Changes in gene expression in (A) free-living S. coelicolor (indicated by the symbol of 
filamentous bacteria) and (B) symbiotic S. philanthi (indicated by the beewolf head) 2 h after in vitro 
exposure (indicated by the petri dish) to NO in comparison to exposure to N2. Significant gene 
expression differences are highlighted in color (adjusted p<0.05 and 2-4 fold differential expression 
in blue and more than 4-fold change in red). Log-transformed values of some extremely highly 
expressed genes were set to 5 to improve readability and are indicated with triangles instead of 
circles. 
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Fig. S4. (A) COG clusters of differentially expressed up-regulated and down-regulated genes of 
the gene expression analyses. The columns on the left and in the middle show COG clusters for 
free-living S. coelicolor (indicated by the symbol of filamentous bacteria) and symbiotic S. philanthi 
(indicated by the beewolf head) 2 h and 6 h after NO exposure (compared to N2 exposure) in vitro 
(indicated by the petri dish). The columns on the right show COG clusters for symbiotic S. philanthi 
in antennal gland secretions incubated in beewolf brood cells for 24 h after oviposition (indicated 
by the beewolf brood cell). (B) Differentially expressed genes upon NO exposure versus N2 
exposure in S. philanthi and S. coelicolor 2 and 6 hours after exposure. The upper/lighter colored 
circles denote differentially expressed genes after 2h, the lower/darker colored circles after 6h, 
while orange colored circles denote S. philanthi and blue colored ones S. coelicolor differentially 
expressed genes. For the few genes that were differentially expresseds in both S. coelicolor and 
S. philanthi, the annotations based on the S. philanthi genome are listed below the Venn diagrams. 
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Fig. S5. Potential damage to different macromolecules inflicted by NO and NO-derived reactive 

nitrogen and oxygen species (black arrows), and cellular detoxification mechanisms (red). In 
addition to direct detoxification by flavohemoprotein, the detrimental effects of NO can be indirectly 
mitigated: Chaperones, DNA-binding proteins and other regulators attenuate damage to proteins 
and nucleic acids inflicted by NO-derived reactive nitrogen and oxygen species. To prevent the 
formation of these highly reactive species, ferrous iron and super- and peroxide can be intercepted. 
NO3

- = nitrate, NO· = nitric oxide, Fe2+ = ferrous iron, O2
- = superoxide, O2

2- = peroxide, ONOO- = 
peroxynitrite, OH- = hydroxide. References are given in square brackets. (1-12)  
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Fig. S6. Differentially expressed genes upon nitric oxide exposure in vitro that are unique to one of 
the bacterial strains. Scoe = free-living S. coelicolor (also indicated by the symbol of filamentous 
bacteria), Sphi = symbiotic S. philanthi (also indicated by the beewolf head), AGS = antennal gland 
secretion. The petri dish indicates gene expression in vitro, the beewolf brood cell symbolizes gene 
expression within the AGS. 
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Fig. S7. 2D gel image of the soluble proteins extracted from a pooled sample of AGS from 70 
beewolf brood cells. 90 spots were excised and used for LC-MS analysis. 
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Fig. S8. Titers and antibiotic production of symbiotic S. philanthi on the cocoon remain unaffected 

by exposure to NO in the brood cell. (A) Titers of symbionts on the cocoon after exposure to NO 
released by the beewolf egg within the secreted AGS from beewolf brood cells, compared to titers 
of symbionts transiently removed from the brood cells during NO release. Titers on the cocoon 
surface were quantified seven days after cocoon spinning. Paired t-test, t=-0.835, df=8, p=0.428, 
N=9. (B) Amount of antibiotics on the cocoon surface. The same cocoons as in (A) were used. 
Paired t-tests, p>0.05. 
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Fig. S9. The AGS prevents diffusion of NO to a filter paper containing NO indicator solution (iodine-
starch solution). The figure shows the raw data to the data summarized in Figure 4D of the main 
manuscript. Each scale bar indicates 2 mm. (A) Light micrographs of filter paper with AGS after 
exposure to NO in brood cells. (B) Autofluorescence micrographs of the same areas as in (A). (C) 
Superimposed images.   
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Fig. S10.  Synthetic hydrocarbons protect growing S. philanthi cultures against lethal NO exposure 
in vitro. Top row: cultures covered in (Z)-9-tricosene during exposure. Bottom row: control cultures 
without hydrocarbons. 
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Fig. S11. Ultrastructure of S. philanthi cells in vitro and in the AGS. (A,B) Scanning electron 
micrographs (SEM) of S. philanthi growing in vitro in Grace‘s medium. (C-E) SEM micrographs of 
the AGS from three different beewolf brood cells. (F) Close-up of (E), showing individual S. 
philanthi cells covered by the AGS matrix that is rich in hydrocarbons. Scale bars: (A) 5 µm, (B) 2 
µm, (C) 200 µm, (D) 50 µm, (E) 20 µm, (F) 5 µm. 
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Fig. S12. Setup of a beewolf observation cage, with an exemplary brood cell (enlarged), showing 
a beewolf egg on the provisioned honeybees as well as the AGS on the ceiling of the brood cell. 
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Table S1. Number of expressed protein-coding genes in the beewolf symbiont S. philanthi (7930 
protein-coding sequences in total) and the free-living S. coelicolor (7825 protein-coding sequences 
in total) for each treatment-time point combination of the in vitro gene expression analysis (three 
replicates per species, treatment and time point). 

 

Replicate S. philanthi (#) S. coelicolor (#) 

N2 2h (1) 7898 7626 

N2 2h (2) 7914 7653 

N2 2h (3) 7907 7636 

N2 6h (1) 7900 7621 

N2 6h (2) 7911 7656 

N2 6h (3) 7913 7624 

NO 2h (1) 7902 7613 

NO 2h (2) 7852 7613 

NO 2h (3) 7852 7616 

NO 6h (1) 7870 7586 

NO 6h (2) 7827 7606 

NO 6h (3) 7880 7648 
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Table S2. Number of protein-coding genes expressed by symbiotic S. philanthi (7930 protein-
coding genes in total) for each treatment of the in vivo gene expression analysis. 

 

Treatment Replicate # expressed genes 

NO-unexposed 

B 7421 

G 7313 

J 7622 

K 7515 

N 6944 

NO-exposed 

A 7503 

C 7617 

E 7660 

L 7526 

M 7647 
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Table S3. Impact of NO exposure in the brood cell on symbiont titers and antibiotic production on 
the cocoon. Shown are the statistical analyses of DNA copies on the cocoon and amount of the 
major antibiotics per cocoon area. 

 

Dataset N Shapiro-Wilk normality test of 
differences 

Paired t-test 

DNA copies  9 W=0.840, p=0.058 t=-0.835, df=8, p=0.428 

Piericidin A1 [µg/mm2] 5 W=0.921, p=0.536 t=-0.691, df=4, p=0.528 

Piericidin B1 [µg/mm2] 5 W=0.944, p=0.693 t=-0.520, df=4, p=0.631 

Streptochlorin 
[µg/mm2] 

5 W=0.861, p=0.232 t=-0.081, df=4, p=0.939 

Total amount of 
antibiotics [µg/mm2] 

5 W=0.966, p=0.847 t=-0.179, df=4, p=0.867 
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Table S4. Impact of NO exposure in the brood cell on symbiont titers on the cocoon, given as DNA 
copies on the respective cocoons. 

 

Individual Brood cell Treatment DNA copies 

1 6_1 NO 2.096e9 

1 24_1 w/o NO 2.363e9 

4 28_1 NO 3.022e9 

4 19_1 w/o NO 2.527e9 

5 19_2 NO 1.766e9 

5 10_1 w/o NO 9.850e8 

6 17_1 NO 9.822e8 

6 17_2 w/o NO 2.813e9 

8 27_4 NO 1.281e9 

8 14_3 w/o NO 3.258e9 

9 27_2 NO 3.476e9 

9 27_4 w/o NO 2.933e9 

10 15_3 NO 2.297e9 

10 15_4 w/o NO 2.444e9 

11 18_8 NO 2.267e9 

11 18_3 w/o NO 2.441e9 

11 5_7 NO 2.086e9 

11 5_9 w/o NO 1.992e9 
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Table S5. Cocoon measurements, cocoon area, and antibiotics per cocoon area of brood cells in 
which the symbionts were or were not exposed to the NO produced by the beewolf egg. PA1 = 
piericidin A1, PB1 = piericidin B1, S = streptochlorin, total = total amount of antibiotics. 

 

Individual Brood 
cell 

Treatment Length 
[mm] 

Width 
[mm] 

Area 
[mm2] 

PA1 
[µg] 

PB1 
[µg] 

S 
[µg] 

total 
[µg] 

11 18_8 NO 15.2 4.6 69.92 8.57 2.48 0.38 11.42 

11 18_3 w/o NO 14.1 4.1 57.81 7.11 3.24 0.57 10.92 

11 5_7 NO 15.0 5 75.00 4.23 2.46 0.27 6.96 

11 5_9 w/o NO 13.4 3.7 49.58 4.38 1.90 0.19 6.46 

4 28_1 NO 16.1 4.8 77.28 5.84 3.16 0.73 9.73 

4 19_1 w/o NO 20.5 6.3 129.15 13.16 3.99 0.00 17.13 

6 17_1 NO 13.75 3.6 49.50 5.12 2.20 0.00 7.31 

6 17_2 w/o NO 19.3 5.2 100.36 9.76 3.07 0.46 13.30 

8 27_4 NO 17.0 4.5 76.50 13.16 4.09 0.90 18.15 

8 14_3 w/o NO 17.35 4.85 84.15 12.88 2.65 0.92 16.44 
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Table S6. Protective activity of the AGS against NO diffusion in the beewolf brood cell. Given are 
the mean gray values of the NO-indicator filter paper bioassay. 

 

Brood cell Treatment Mean gray value 

1 

AGS  1.755 

Filter paper NO 3.349 

Control 1.092 

2 

AGS  1.630 

Filter paper NO 1.990 

Control 1.021 

3 

AGS  1.333 

Filter paper NO 1.839 

Control 1.043 

4 

AGS  1.347 

Filter paper NO 1.690 

Control 1.107 

5 

AGS  1.226 

Filter paper NO 1.689 

Control 0.914 

6 

AGS  1.324 

Filter paper NO 1.926 

Control 1.032 

7 

AGS  1.757 

Filter paper NO 2.649 

Control 0.845 

8 

AGS  3.576 

Filter paper NO 3.920 

Control 0.934 

10 

AGS  1.151 

Filter paper NO 1.412 

Control 1.026 
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Table S7. Diffusion barrier effect of beewolf hydrocarbons on an iodine starch indicator solution 
exposed to NO. The numbers represent spectrophotometrically measured absorbance values at 
540 nm of differently treated NO indicator solutions after 1h of NO exposure.  

 

Sample OD540 

Beewolf CHC extract 0.090 0.102 0.058 0.063 0.053 0.053 

Indicator solution + hexane 1.764 1.672 1.716 1.840 1.706 1.820 

Untreated indicator solution 0.053 0.057 0.046 0.048 0.053 0.053 
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