

Fungal biomarkers are detectable in Martian rock-analogues after space exposure: implications for the search of life on Mars
Short title: Biomarkers detection for exploration missions 
Claudia Pacelli a,b,*, Alessia Cassaro b, Mickael Baqué c, Laura Selbmann a,d, Laura Zucconi a, Alessandro Maturilli c, Lorenzo Botta a, Raffaele Saladino a, Ute Böttger e, René Demets f, Elke Rabbow g, Jean-Pierre P. de Vera h† and Silvano Onofri a†

aDepartment of Ecological and Biological Sciences, University of Tuscia, Largo dell’Università snc, 01100 Viterbo, Italy
bItalian Space Agency, Scientific Research Unit, Via del Politecnico snc, 00133 Rome, Italy; 
cGerman Aerospace Center (DLR), Institute of Planetary Research, Planetary Laboratories Department, Ruthefordstraße 2, Berlin, Germany 
dItalian Antarctic National Museum (MNA), Mycological Section, 16128 Genoa, Italy
eGerman Aerospace Center (DLR) Berlin, Institute of Optical Sensor Systems, Department Terahertz and Laser Spectroscopy, Rutherfordstr. 2, 12489 Berlin, Germany
fEuropean Space Agency, ESTEC, Keplerlaan 1, 2201AZ, Noordwijk, The Netherlands
gGerman Aerospace Center (DLR) Cologne, Institute of Aerospace Medicine, Radiation Biology, Linder Höhe, 51147 Cologne, Germany
hMUSC, German Aerospace Center (DLR), Space Operations and Astronaut Training, Linder Höhe, Cologne-Porz, Germany
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Supplementary Materials
Supplementary Section 1. Material and Methods
Raman spectroscopy analyses: detailed description of synthetic melanins
Since the pigment composition of the fungus is still under research, the Raman spectra comparison with two synthetic (DHN and DOPA) melanins, was necessary. DHN-melanin (1,8-DiHydroxyNaphthalene) (Thermo-Fisher scientific), is characterized by a 160,17 g/mol molecular weight and a C10H8O2 molecular formula. Similarly, DOPA (3,4-DiOxyPhenylAlanine) (Sigma-Aldrich), show a 197,19 g/mol of weight and C9H11NO4 molecular formula. 
Supplementary Section 2. Results
We performed the Raman and Infrared spectroscopy analyses on substrata without colony as reference. The Raman spectra of some identified minerals are reported in Figure S1. The Raman spectrum of OS (Fig. S1A) showed mainly the presence of quartz (bands at 463 and 206 cm-1), the Raman spectrum of P-MRS (Fig. S1B) identified hydromagnesite (bands at 1119, 728 and 326 cm-1) and amorphous carbon (bands at 1350 and 1612 cm-1), and the Raman spectrum of S-MRS (Fig. S1C) identified hematite (bands at 610, 500 and 293 cm-1) and gypsum (bands at 1133, 1007 and 492 cm-1), in accordance with the analogues composition. The Mid-IR spectra of substrata without colony are reported in Supplementary Figure 4. Figure S3A shows the OS substratum: here, Si-O symmetrical stretching vibrations in 795-800 cm-1, and three main bands at the 1210, 1138, and 1071 cm-1 absorption regions that arise from Si-O symmetrical and asymmetrical stretching vibrations, show the presence of quartz in the samples. Figure S3B reports the P-MRS analogue spectrum: bands at 3405, 1639, and 1048 cm-1 revealed the presence of montmorillonite (that represent 40 of weight percent (% wt) of the mixture), bands at 3544, 3470, 3410 revealed the presence of chamosite (20% wt), and bands at 1209, 1134, and 1048 cm-1 from Si-O stretching vibrations, highlighted the presence of quartz (10% wt). Figure S3C shows the spectrum of the S-MRS analogue that revealed the presence of gypsum (30% wt) [bands at 1641, 1128, and 1073 cm-1, (Bourgier, 2007)] and gabbro (32% wt) (bands at 3422, 3240, 2367, 1641, 745 cm-1).
[image: ]
[image: ] Figure S1. Raman detection of the substrate minerals. Raman spectra of A) Original Substrate (OS)=Antarctic sandstone; C) P-MRS analogue and C) S-MRS analogue without colony. For Mars analogues composition refers to “Mars analogues composition and preparation” section in the main text. 

Figure S2. A) Example of melanin spectra with and without background subtraction (5th order polynomial function) with the two filters used for signal‐to‐noise ratio calculations (noise in red and signal in blue). B) Example of signal‐to‐noise ratio intensity masks generated from 400 spectra image scans (20 × 20), from three samples for each condition. White pixels highlight the spectra with more than 90% of the maximal signal. Color scale is shown on the left (black minimum and white maximum) and spatial scale on the bottom left (100 × 100 μm area).
	


[image: ]
Figure S3. Investigation of differences in melanin main band. Band position for each exposure conditions (Top, Bottom, and Control) for each substratum (OS, P-MRS, and S-MRS). Histogram shows no significant statistical difference among Top, Bottom and Control, that means no significant difference either between space exposure and Mars-like conditions on melanin bands. 

Table S1: Mass-to-charge ratio (m/z) values and the abundance of peaks of identified compounds.
	Products[a]
	m/z (%)

	Azelaic Acid[c] 
	317 (25) [M-CH3], 302 (3) [M-2xCH3], 243 (2) [M-OSi(CH3)3], 201 (15) [M-Si(CH3)3-CO2-CH3], 186 (3) [M-2xSi(CH3)3], 170 (4) [M-OSi(CH3)3- Si(CH3)3], 73 (100).

	Myristic Acid[b] 
	300 (10) [M], 285 (95) [M-CH3], 257 (3) [M-2xCH3], 73 (100).

	Palmitic Acid[b]
	328 (20) [M], 313 (100) [M-CH3], 73 (100).

	Stearic Acid[b]
	356 (20) [M], 341 (90) [M-CH3], 327 (2) [M-CH3- CH2], 313 (50) [M-CH3-2xCH2].

	Lactic Acid[b]
	219 (6) [M-CH3], 190 (14) [M-CO2], 147 (71) [M-Si(CH3)3-CH3], 133 (7), 117 (76) [M-Si(CH3)3-(CH3)3].

	Pyruvic acid[b]
	160 (10) [M], 145 (7) [M-CH3], 88 (14) [M-Si(CH3)3], 71 (12) [M-Si(CH3)3-OH], 43 (100) [M-HSi(CH3)3- CO2].

	Glucose[e]
	437 (5) [M-Si(CH3)3-2xCH3], 394 (4) [M-2xSi(CH3)3], 305 (5) [M-OSi(CH3)3-2xSi(CH3)3], 217g (30), 204g (100), 191g (75).

	Fructose[e]
	437 (5) [M-Si(CH3)3-2xCH3], 217g (30), 204g (100), 146 (75).

	Glucitol[f]
	319 (60) [M], 297 (94) [M-CH3], 282 (30) [M-2xCH3], 267 (40) [M-3xCH3]; 217g (90), 204g (80); 147 (40).

	Glycerol[d]
	293 (3) [M-CH3], 263 (2) [M-3xCH3], 218 (20) [M-OSi(CH3)3], 205 (60) [M-OSi(CH3)3-CH3], 191 (3) [M-OSi(CH3)3-2xCH3], 171 (4) [M-OSi(CH3)3-3xCH3].

	Ethylene Glycol[c]
	191 (25) [M-CH3], 147 (100) [M-4xCH3], 133 (5) [M-Si(CH3)3], 103 (20) [M-Si(CH3)3-2xCH3].



[a] Mass spectroscopy was performed by using a GC-MS Varian 410 GC-320 MS. The peak abundance is reported in parenthesis [b] Product analysed as the monosilyl derivative; [c] Product analysed as the bis-silyl derivative; [d] Product analysed as the tris-silyl derivative; [e] Product analysed as the penta-silyl derivative; [f] Product analysed as the hexa-silyl derivative; [g] Ions characteristic for EI/MS sugar degradation: m/z 217 [(CH3)3SiOCH=CH-CH=OSi(CH3)3]+, m/z 204 [(CH3)3SiOCH=CHOSi(CH3)3]+•, m/z 191 [(CH3)3SiOCH=OSi(CH3)3]+.












[bookmark: _GoBack][image: ]Figure S4. MID Infrared spectra of A) OS=Antarctic sandstone; B) P-MRS and C) S-MRS analogues. For Mars analogues compositions refer to the section “Mars analogues composition and preparation”.



[image: ]
Figure S5. GC-MS chromatogram of OS TOP sample. OS=original substrate (Antarctic sandstone), Top (exposed to vacuum or Mars-like conditions and irradiation). Identified compounds are highlighted with numbers: 1 Azelaic Acid, 2 Myristic Acid, 3 Palmitic Acid, 4 Stearic Acid, 5 Glucose, 6 Glucitol, 7 Glycerol, I.S. Internal Standard (betulinic acid [3β-hydroxy-20(29)-lupaene-oic acid]).

[image: ]
Figure S6. GC-MS analysis comparison profile. GC-MS detection of organic compounds in C. antarcticus grown on P-MRS analogue after 16 months exposure outside the ISS as follow: (A) Top (exposed to vacuum or Mars-like conditions and irradiation), (B) Bottom (exposed to vacuum or Mars-like conditions, not irradiated) and (C) control (kept in the lab, in the dark at room temperature). In grey square: azelaic acid (RT: 18.812 min in this set of samples). 



References
Bourgier V. Influence des ions monohydrogénophosphates et fluorophosphates sur les propriétés des phosphogypses et la réactivité des phosphoplâtres, 2007. PhD Thesis.



1

image3.emf



1601



1602



1603



1604



1605



OS T
op



OS B
ott



om



OS C
on



tro
l



P-M
RS Top



P-M
RS Bott



om



P-M
RSCon



tro
l



S-M
RS T



op



S-M
RS B



ott
om



S-M
RS C



on
tro



l



Pe
ak



 p
os



iti
on



Treatments










1601

1602

1603

1604

1605

O

S

 

T

o

p

O

S

 

B

o

t

t

o

m

O

S

 

C

o

n

t

r

o

l

P

-

M

R

S

 

T

o

p

P

-

M

R

S

 

B

o

t

t

o

m

P

-

M

R

S

C

o

n

t

r

o

l

S

-

M

R

S

 

T

o

p

S

-

M

R

S

 

B

o

t

t

o

m

S

-

M

R

S

 

C

o

n

t

r

o

l

P

e

a

k

 

p

o

s

i

t

i

o

n

Treatments


image4.emf



C



B



A



Wavenumber (cm-1)



Wavenumber (cm-1)



Wavenumber (cm-1)



R
ef
le
ct
an
ce
(a
.u
)



R
ef
le
ct
an
ce
(a
.u
)










C

B

A

Wavenumber(cm

-1

)

Wavenumber(cm-1)

Wavenumber(cm

-1

)

R

e

f

l

e

c

t

a

n

c

e

(

a

.

u

)

R

e

f

l

e

c

t

a

n

c

e

(

a

.

u

)


image5.emf



Retention time (min) 



A
bu



nd
an



ce
(μ



g)
I.S.



7 1



3 5
2



6



4










Retentiontime (min) 

A

b

u

n

d

a

n

c

e

(

μ

g

)

I.S.

7

1

3 5

2

6

4


image6.emf



18
.8



12
 m



in
18



.8
12



 m
in



C



B



Retention time (min)



A
A



bu
nd



an
ce



(μ
g)



 










1

8

.

8

1

2

 

m

i

n

1

8

.

8

1

2

 

m

i

n

C

B

Retentiontime (min)

A

A

b

u

n

d

a

n

c

e

(

μ

g

)

 


image1.emf



hydromagnesite



amorphous carbon



Wavenumber (cm-1)



B
R



am
an



in
te



ns
it



y



Wavenumber (cm-1)



A



quartz
gypsum



Wavenumber (cm-1)



C



hematite, gypsum 



R
am



an
in



te
ns



it
y



R
am



an
in



te
ns



it
y










hydromagnesite

amorphous carbon

Wavenumber(cm-1)

B

R

a

m

a

n

i

n

t

e

n

s

i

t

y

Wavenumber(cm-1)

A

quartz

gypsum

Wavenumber(cm-1)

C

hematite, gypsum 

R

a

m

a

n

i

n

t

e

n

s

i

t

y

R

a

m

a

n

i

n

t

e

n

s

i

t

y


image2.emf



Peak
height
=signal



1604 cm-1



1340 cm-1
R
am
an
in
te
ns
ity
(a
.u
.)



Wavenumber(cm-1)



A B



0%



90% Top ControlBottom



Std. 
Deviation
= Noise



Without background 
substraction



With 5th order polynomial
background substraction



Wavenumber(cm-1)



Pi
xe
ls










Peak

height

=signal

1604 cm-1

1340 cm-1

R

a

m

a

n

i

n

t

e

n

s

i

t

y

(

a

.

u

.

)

Wavenumber(cm

-1

)

A B

0%

90%

Top Control Bottom

Std. 

Deviation

= Noise

Withoutbackground 

substraction

With 5th orderpolynomial

background substraction

Wavenumber(cm

-1

)

P

i

x

e

l

s


