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Abstract. Fungal spores are ubiquitous biological aerosols,1 Introduction
which are considered to act as ice nuclei. In this study the ice
nucleation (IN) activity of spores harvested from 29 fungal Ice nucleation (IN) induced by primary biological aerosol
strains belonging to 21 different species was tested in the impatrticles, which include pollen, bacteria, and spores of fungi,
mersion freezing mode by microscopic observation of water-is a current topic of intense debate. Several bacterial species
in-oil emulsions. Spores of 8 of these strains were also inves{Pseudomonas syringaEseudomonas putid&rwinia her-
tigated in a microdroplet freezing array instrument. The fo- bicola) were already found to catalyse ice formation at tem-
cus was laid on species of economical, ecological or sanitarperatures as warm as about 271K, which is much higher
significance. Besides common molds (Ascomycota), soméhan for most organic or inorganic substances (e.g. Gurian-
representatives of the widespread group of mushrooms (BaSherman and Lindow, 1993; Morris et al., 2004; Vali et al.,
sidiomycota) were also investigated. 1976; Warren and Wolber, 1991). Microorganisms, which in-
Fusarium avenaceumas the only sample showing IN ac- habit plant surfaces, are able to initiate the ice formation and
tivity at relatively high temperatures (about 264 K), while the cause frost injury to frost-sensitive plants (Gurian-Sherman
other investigated fungal spores showed no freezing abovand Lindow, 1993) — what resolves in a negative impact
248 K. Many of the samples indeed froze at homogeneou®n agricultural crops. However, ice nuclei are useful in ice
ice nucleation temperatures (about 237 K). In combinationnucleation-limited processes such as artificial snow produc-
with other studies, this suggests that only a limited numbertion, the freezing of some food products, and possibly in
of species may act as atmospheric ice nuclei. This would bduture weather modification schemes (Gurian-Sherman and
analogous to what is already known for the bacterial ice nu-Lindow, 1993).
clei. Since fungal cells are present in the atmosphere in rele-
Apart from that, we selected a set of fungal strains fromvant numbers (Bauer et al., 2002), their impact on clouds is
different sites and exposed them to occasional freezing stressf interest. In the past, several researchers studied fungal ice
during their cultivation. This was in order to test if the expo- nucleation and found high potential ice nuclei in some lichen
sure to a cold environment encourages the expression of icgycobionts (Kieft, 1988; Kieft and Ahmadjian, 1989; Kieft
nuclei during growth as a way of adaptation. Although the and Ruscetti, 1990) and some species of the plant pathogenic
total protein expression was altered by this treatment, it hadungal genusFusarium(Pouleur et al., 1992; Hasegawa et
no significant impact on the IN activity. al., 1994; Tsumuki and Konno, 1994; Tsumuki et al., 1995).
It was proposed that these ice nuclei are proteins, but have
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little in common with the well-known bacterial ice nucle- most obvious gap and to gain greater knowledge of some im-
ation proteins (Kawahara, 2002). For example, they are conportant species, which have not been studied up to now, as
sidered to be purely proteinaceous, while the bacterial icewvell asFusarium avenaceunof which the IN activity is al-
nuclei are lipoglycoprotein complexes. Furthermore, they areready known.
more tolerant towards heat and acid treatment. Finally, they
are not anchored in the wall, but can be easily washed off
(Kieft and Ruscetti, 1990; Hasegawa et al., 1994; Tsumuki2 Materials and methods
and Konno, 1994). Jayaweera and Flanagan (1982) found ap-
preciable IN activity inPenicillium digitatumandCladospo- 2.1  Species, cultivation and sampling design
rium herbarum Only very recently, ice nuclei were found
in other fungal species, liksaria farinosaandAcremonium  We chose the set of samples depending on four criteria: (1)
implicatum(Huffman et al., 2013), as well as in some rust species which had not been analysed concerning their IN ac-
and smut fungi (Morris et al., 2013; Haga et al., 2013). Firsttivity before, (2) two well-studiedrusariumspecies in order
tests showed that they strongly differ from the bacterial andto be able to compare our results with other published stud-
Fusariumones. For example, the rust fungi show propertiesies, (3) species which are abundant in the atmosphere, such as
of polysaccharide compounds (Morris et al., 2013). On theAgaricomycetes (Fréhlich-Nowoisky et al., 2009; Pashley et
other hand, several representative€tddosporiumshowed  al., 2012) Cladosporium(Schiller, 2008; Ariya et al., 2009)
only very poor IN activity in a former study by lannone et and typical food moldsAspergillusandPenicillium), and (4)
al. (2011). species that have been found beyond the tropopausé&; ke
Although other work groups already investigated many gyodontium albumA. nigerandP. chrysogenuniimshenet-
different fungal species, some common Ascomycota, whichsky et al., 1978; Pearce et al., 2009). Strains used in this study
are of economical, ecological or sanitary importance, andand their origin are presented in Table 1.
certainly available in the planetary boundary layer, were The spores of the Basidiomycota, namélgaricus bis-
not studied before. Among those are many typical molds,porus albidus(white button mushroom)garicus bisporus
belonging to theAspergillus Penicillium, andTrichoderma  aveallaneouqcream button mushroom),entinula edodes
genus. The Basidiomycota were even less investigated, akshiitake),Pleurotus ostreatuyster mushroom) anésilo-
though their average atmospheric abundance might be highaybe cubensigmagic mushroom) were purchased from the
than that of the Ascomycota (Pashley et al., 2012). AlthoughMushroom Research Centre of Austria in the form of spore
there are some data about rust and smut fungi (Morris et al.prints. Therefore, the caps of freshly harvested mushrooms
2013; Haga et al., 2013), no research has been done befomere placed on an aluminium foil, which collected the spores
on the largest group by far, namely the Agaricomycetes classcrumbling out. To release the spores from the foil, we had to
to which most of the edible mushrooms belong. According scratch them off gently with a sterilized metal speedle.
to recent studies, about 56 % of the species present among Furthermore, cultures &. fumigatusA. niger, A. oryzae
the fungal spores in the atmosphere are Agaricomycete€. cladosporioidesC. herbarum E. album F. avenaceum
(Fréhlich-Nowoisky et al., 2009). F. oxysporumP. chrysogenumP. digitatum, P. glabrumT.
At last, the atmospheric concentration of fungal ice nu- atroviride, T. virens T. longibrachiatumandT. reeseiwere
clei is still debated, since data from atmospheric measureebtained from the University of Natural Resources and Life
ments are scarce. On the one hand, they seem to appear in f&ciences in Vienna (Austria) and the TU Collection of Indus-
lower numbers than bacteria or mineral dust particles (Hoosérial Microorganisms (TUCIM; Vienna University of Tech-
et al., 2010; Sesatrtic et al., 2013). According to current cli-nology, Vienna, Austria). Additionally, we sampléd niger,
mate models, the global impact of fungal spores is negligi-P. chrysogenunand P. citrinum spores from decomposed
ble. On the other hand, local events, for example rainfall infood products (bread, carrot, lemon). The glycerine cultures
a forest area, can boost biological ice nuclei concentration®f these strains are stored at 193K in the TUCIM.
to significant levels (Huffman et al., 2013). Furthermore, the The obtained strains were cultivated on plates with differ-
models consider only whole fungal spores and therefore dant nutrient media in order to determine the optimum growth
not include the impact of fragments, extracellular fluids andconditions. We applied malt extract agar (Sifin), potato dex-
released constituent molecules. Therefore, estimations of theose agar (Sifin and Difco), synthetic nutrient-poor agar
atmospheric impact of fungal spores are difficult to make, so(Nirenberg, 1979) and overboiled rice (Pathre and Mirocha,
it is still an open question whether spores of fungi contribute1978) as nutrient media. We achieved the greatest success in
to atmospheric ice nucleation, if they carry a huge potentialsample augmentation by cultivation on 3% potato dextrose
that simply has not been detected up to now in scientific studagar (PDA, Difco) and incubation for seven days at 298K in
ies. 12 h illumination cycles. Spores were then harvested using
In this study we measured a broad spectrum of fungaltwo different approaches. First we removed the fungal spores
spores in a cryo-microscopic device, as it was used in theby gently beating a turned-around plate and collected them
pollen study by Pummer et al. (2012), in order to close theon a sterile Petri dish cover. The advantage of this method is
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Table 1. Origin and properties of studied Ascomycota.
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Species Strain No. Origin Source of isolation
Fusarium avenaceum MA 1220 Vienna, Austria paprika rhizoplane
F. oxysporum MA 1085 Eichkogel, Austria -
TUCIM 4301
F.sp. TUCIM 4237  Austria -
TUCIM 4682 — rye
TUCIM 4686 — rye
Aspergillus oryzae MA 71 - - 08/93
A. fumigatus MA 753 Serengeti, Tanzania lodge
A. niger MA 1239 Gloggnitz, Austria marzipan praline
- Vienna, Austria bread 09/11
Penicillium chrysogenum MA 265 - - 11/94
— Vienna, Austria bread 09/11
P. citrinum - Vienna, Austria lemon 03/12
P. digitatum MA 602 Vienna, Austria - -
P. glabrum TUCIM 3351 - - -
Trichoderma atroviride TUCIM 626  South America seashore soll -
TUCIM 1680  Slovenia mountain soil -
TUCIM 1836  Ethiopia soll -
TUCIM 3001 Israel marine
T. longibrachiatum TUCIM 1301  Antarctica -
T. reesei TUCIM 917 Solomon Islands cotton duck shelter
T. virens TUCIM 2550 Ivory Coast rainforest
Cladosporium cladosporioides MA 890 Zwentendorf, Austria gypsum -
TUCIM 4298
C. herbarum MA 1065 Vienna, Austria - -

Engyodontium album MA 2848 Johannessteinbruch, Austria  limestone -

that the sample was not in contact with any equipment excep®.2 Ice nucleation in oil immersion

for the collecting dish, so the risk of contamination is negli-

g|b|§. Howeve.r, the eff|C|er_10y of §h|s technique is rathe_r low We applied a cryo-microscopic setup, as described in Pum-
and inappropriate for species which produce fewer or tighter

er et al. (2012), to determine the IN activity of the
bound spores. In the second approach about 10 mL ethan(g] ores. Therefore a water-in-oil emulsion consisting of

was poured on the culture. The spores were then scratche homgg? paraffin, 110mggt lanolin (water-free grade)

off with a Drigalski spatula, and the suspension was ﬂlteredand 450mggt MilliQ ® water was prepared. The lanolin

through glass wool, to separate the spores from the mycehav.v‘,JlS molten in a water bath (about 330K) and mixed with

The sustained spore suspension was then centrifuged, the s araffin to a homogeneous phase. Then the oil phase was

pernatant was decanted, and finally the spore pellet was ahixed with water and shaken manually, until it was a sta-

d(rj's(: Thﬁ SF”faC‘f. m?rghk?logy of t_he ha;rvizsted SPOTES Wag . o mulsion with microsized water droplets embedded in
additionally Investigated by scanning eiectron microscopy,,q ) o droplet of this emulsion was placed on a glass slide

with a FEI Quanta 200 FEGSEM (see Fig. 1). and spiked with 20 mgmt! of fungal spores, so that all

furTOa:ngtfzit:\gsaE?rafEIi ?;fis;sfcgﬁi(\:giodn?nf;gﬁrz'nI%'t:SSeeatccr)]f_droplets contained several spores (see Fig. 2), and to make
9 P . the data comparable with former measurements (Pummer
two of the plates were grown as usual at 298 K, while the

. : .“et al., 2012). This way ensured that if there are ice nuclei
two others were exposed to occasional freezing events dunngresent on the spores. thev cannot be missed due to under-
their cultivation, meaning that they were left in the freezer P » ey

osing. The sample prepared in this way was placed in a
for 12h. Then one plate of both procedures was ha“’e.s.tedgryocen, which was cooled by BEPT-330-119-045C200
The acquired spores were then tested for their IN activity.

. . Peltier stage at a cooling rate of about 2 K minwhere it
The other two plates were used for protein quantification (Se?/vas observed with a microscope at 206otal magnifica-
Sect. 2.3).

tion. Photos were taken with ldengtech MDC320nicro-
scope camera during the cooling ramp. The number of frozen
droplets was counted in every picture and plotted against
temperature. By summation over two to eight individual
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Table 2. A list of Tsq values for different ice nuclei in the oil immersion mode. Values of references are taken from Pummer et al. (2012).
Species labeled with “N” in the TUCIM column are the food mold sampfeis the longitudinal diameter of a single spore, # the total
number of counted droplets.

Group Species TUCIM # d [um] # T50[K] TriolK]
Ascomycota F. avenaceum 7 301 264 268
F. oxysporum 7 335 238 246
F.sp. 4237 - 64 237 242
F.sp. 4682 - 130 237 245
F.sp. 4686 - 81 238 244
A. oryzae 3 730 242 247
A. fumigatus 3 230 239 241
A. niger 3 120 237 239
A. niger N 3 501 239 245
P. chrysogenum 3 365 236 243
P. chrysogenum N 3 348 239 243
P. citrinum N 3 894 237 241
P. digitatum 3 154 240 244
P. glabrum 3 462 237 247
T. atroviride 626 4 50 241 245
T. atroviride 1680 - 109 239 244
T. atroviride 1836 - 217 238 243
T. atroviride 3001 - 60 240 242
T. longibrachiatum 1301 - 126 241 244
T. reesei 917 3 711 237 247
T. virens 2550 4 208 237 244
C. cladosporioides 6 1152 237 247
C. herbarum 6 145 237 240
E. album 3 157 237 245
Basidiomycota Lentinula edodes 4 523 247 250
Agaricus bisporus avellaneous 6 594 243 245
Agaricus bisporus albidus 6 671 241 244
Pleurotus ostreatus 5 391 240 247
Psilocybe cubensis 9 282 238 243
References Snomak 250 268 269
birch pollen water 457 254 257
blank 654 237 239

curves for each sample, a total droplet nucleation curve waperature. At 243 K 73 % of all droplets were frozen. Tig

generated. The temperature with 50 % of all droplets frozerof this sample was 261 K.

(T50, also known as the median freezing temperature) and the

temperature with 10 % frozeIT{p) were chosen to compare 2.3 Protein quantification assay

different samples with a numeric value. Only droplets in the

range from 10 to 200 um were taken into account, becaus&he plates left from Sect. 2.1 were harvested analogously,

smaller droplets are difficult to assign, while larger droplets but in water as a solvent instead of ethanol. The suspensions

are less representative and cover much of the space in theere then investigated with the Bradford method (Bradford,

field of view. About half of the total counted droplets were 1976) to determine the total protein content. Therefore, spore

smaller than 40 um, which corresponds to a droplet volumesuspensions were diluted to a given concentration by measur-

of 33.5pl. ing the light transmission. A vial of pure water (100 % trans-
To test if the method itself is reliable, an extract of mission) was prepared, and spore suspensions were slowly

an IN active F. acuminatumculture (culture provided by added, until the transmission dropped to 66-68%. Then

Linda Hanson, Michigan State University), which was fil- 1 mL of the suspension was mixed with 0.5 mL Bradford so-

tered through a 0.1 pm filter, was measured in the cryodution, which was prepared by diluting commercially avail-

microscopic setup. It showed an initial freezing temperatureable BioRad Protein Assay Dye Reagent Concenttatthe

of 267 K and a steep slope, which decreases with falling tem{ivefold volume. For each sample and the blank, three vials
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Fig. 2. A capture of an emulsion spiked withgaricus bisporus
avellaneouspores. The bar represents a length of 150 um. It shows
that spores are present in both the droplets and in the oil phase.

The PCR tray was then sealed with adhesive foil to prevent
external contamination.

The PCR plate was cooled in a 96-well aluminium block
that is connected to dulabo Presto A3Ghermostat oper-
ated withThermal HL40as the cooling liquid. To measure
and regulate the block temperature, an additional PT100 tem-
Fig. 1. Scanning electron microscopy images of some fungal sporesperature sensor was integrated within the cooling block. The
F_usaﬂumb aveng;:)eLX(A), T_rlllchod_erm(::\3 ;e\tfwnqe(B)l’)_Cladozg" cooling block, which was thermostated to 273 K, was then
rnum nerparumi , Aspergllius nigen , Adaricus pisporu : : :
andLentinula edodeéF). The white bar represents a length of 2 um qooled down in 3K steps .e."ery 12 min, which was ample
and is valid for all pictures. time for the syster_n to eq'umbrate at the dgmanded temper-

ature. Via optical inspection, the aggregation state of each
droplet was determined and counted. In the case of liquid

were prepared and measured. We measured the absorbancéli@plets, the reflection of the ambient light formed a bright
565 nm to quantify the total protein content. The total proteinfing on the well floor. When a droplet froze, this reflection

contents are listed in Table 3. ring vanished, or was at least severely reduced. The fraction
of frozen droplets for each sample was then plotted against
2.4 Ice nucleation in droplet arrays temperature, the same way it was done for the oil immersion

measurements. The applied samples and thgirare pre-

To confirm the data from the oil immersion method, some ofsented in Table 4. It should be mentioned that below 258 K
the samples were further investigated with a setup where théhe discrimination between heterogeneous and homogeneous
droplets are not surrounded by oil, which might have influ- IN became difficult, therefore samples active at these temper-
enced the results. atures can hardly be seen as ice nuclei.

The sample carrier was in this case a sterile, 96-well
polypropylene PCR tray. Aliquots of 50 uL of either pure
water or a suspension with a concentration of 1mgmL 3 Results and discussion
were tested. Only for birch pollen water, a concentration of
2.5mgmL1 pollen was applied, but then the pollen bulks 3.1 General part
were filtered off, which led to a material concentration of
about 1 mgmL?! (see Pummer et al. (2012) for further ex- Our measurements affirmed that fungal IN activity seems
planation). Higher dilutions than in the oil immersion setup to be not very common among fungi. All but one strain of
were necessary, since the droplet volume was much biggefungi tested in this study showed no or negligible IN activity.
and therefore contained more spores at a given concentrd=usarium avenaceurshowed high activity in our measure-
tion. Droplets with 20 mgmt?! spores were so loaded that ments, which is close to Snoméxactivity. Lentinula edodes
they became intransparent and were therefore not applicablshowed mediocre IN activity, comparable to that of average

www.biogeosciences.net/10/8083/2013/ Biogeosciences, 10, 81832013
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Table 3. A list of Tgg values and total protein concentratiortd) (for Ascomycota spores cultivated under different conditions. Columns
marked with an asterisk show results of cultures that were exposed to freezing stress during growth. No error bars wer€ glveceiose
it was only 1-2 pg mE with the exception of strain number 626, where it was 4-5 pugtL

Group Species TUCIM# Tso[K] | C[ugmL™Y]
* ‘ *

Ascomycota F. sp. 4237 237 238| 173 144

F.sp. 4682 237 237| 153 124

F.sp. 4686 238 237| 145 113

T. atroviride 626 241 237| 99 96

T. atroviride 1680 238 238| 102 99

T. atroviride 3001 240 239| 79 93

T. longibrachiatum 1301 241 239 77 110

Table 4. A list of Tgg values for different ice nuclei in the droplet array mode. Species labeled with “N” in the TUCIM column are the
naturally grown food mold samples. # is the total number of counted droplets.

Group Species TUCIM # # Tso[K]  T10[K]

Ascomycota F. oxysporum 24 256 260
A. niger 32 255 261
A. niger N 16 254 257
P. chrysogenum N 16 256 258
P. citrinum N 32 253 258
T. atroviride 1836 40 256 260
T. reesei 917 24 257 258
T. virens 2550 32 254 257

References ~ Snomax 40 271 271
birch pollen water 56 261 269
blank 192 252 258

pollen IN and below that of the mineral dust kaolinite and Furthermore, since most fungal spores did not show IN activ-
ATD (Pummer et al., 2012). However, as it was one individ- ity at all, an overdosing is of less concern than an underdos-
ual sample that was measured in this study, it is questionabléng. In the second case, the IN inactivity could be the result
if the Lentinula edodespecies is generally a better ice nu- of low concentrations, while IN inactivity in the first case is
cleus than most other species. All other fungal spores can benly explicable by the absence of IN on the fungal spores.
considered IN-inactive, since an increase in nucleation tem-
perature by some Kelvin can be caused by many differen8.2 Problems
reasons and is of no atmospheric relevance. Nevertheless, the
huge potential of unstudied fungal species, as well as the facThe basic problem of fungal IN measurements is the fact that
that new IN-active species can still be found (Huffman et al.,the same species can show different behaviour in different
2013; Morris et al., 2013; Haga et al., 2013), suggests thastudies, as they can lose their IN activity after in vitro main-
further investigations into fungal IN activity are necessary. tenance as a result of changes in gene regulation (Tsumuki et
We applied spore concentrations of 20 mgmlin our oil al., 1995), which makes comparability with other studies dif-
immersion study. In our previous study (Pummer et al., 2012)icult. For example, we could reproduce the loss of IN activ-
we had pollen concentrations of 50mgmL As average ity of the Fusarium avenaceuaulture within time. Tsumuki
fungal spore diameters are about a tenth of pollen diameet al. (1995) determined the loss of IN activity in the second
ters, the volume ratio is about a factor of 1000. Assuming a(F. moniliformg to fifth (F. avenaceuisubcultures when
similar density of all cellular samples, one would expect thatgrowing them in liquid media. OuF. avenaceuntultures,
a spore concentration of 0.05 mg mLwould be compara- which were grown on agar plates, stayed active for more than
ble. However, due to the high hydrophobia of fungal sporesten generations. Transcription regulation, like the shutting on
many of them were lost in the oil phase of the emulsion, soand off of a gene, is an important, but very complex tool
far higher concentrations were necessary in our experimenbf evolution for generating biological diversity (Levine and
Tjian, 2003). Furthermore, the setup parameters themselves,
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like the ice nuclei content per droplet, have an impact on nutween total protein content and IN activity was visible, since
cleation temperature. Therefore the results of a study haveone of the investigated species showed any IN activity.
to be compared with well-known reference points, like the It can be seen in the SEM captures (Fig. 1) that despite the
median freezing temperature of Snomaat a given concen-  enormous differences in surface topology, the differences in
tration, or sample-free water. IN activity are negligible. This way we can exclude that ice
Jayaweera and Flanagan (1982) found appreciable IN acaucleation can be caused by topology alone.
tivity in P. digitatum (263 K) andC. herbarum(258 K) in
comparison to pure water(248K). This stands in con-
trast to our oil immersion data, where both species showedi Conclusions
no IN activity. Several explanations can be brought up: (i)
as already found by Tsumuki et al. (1995), the cultivation According to our results, fungal ice nucleation seems to be
conditions and the fungal strain have an impact on IN ac-an exclusive property restricted to relatively few species. As
tivity. While our two samples were gathered from a fungal stated in Sect. 3.2, the found results have to be taken with
database, Jayaweera and Flanagan collected their samplesdare as a general statement. Therefore, further investigations
the Arctic atmosphere, where conditions are harsh. (ii) Inwith a broad spectrum of species, as well as studies with
the setup by Jayaweera and Flanagan (1982), the materidifferent methods, are necessary to confirm this hypothesis.
amount per droplet was higher due to the large droplet vol-Nevertheless, this study showed that the ice nucleus present
ume. Therefore, the probability of finding an active site in intheF. avenaceunstrain is unique among our samples. This
a droplet is high, even if the sample has little IN activity. makes sense if we consider the assumed reasons for the ex-
The comparison of the pure water data between the two studistence of biological ice nuclei: the purpose of a fungal IN
ies shows that the freezing temperatures are shifted towardsxpression could be either a cryoprotective mechanism like
higher temperatures in the former study (248K vs. 237 K).in lichen (Kieft and Ahmadjian, 1989), or a tool for caus-
(i) It might be that the ice nuclei of these species are faring frost injury to plants, thus making nutrients more avail-
more hydrophobic than those of bacteria, pollEasarium  able for phytopathogenic molds like th&isariumspecies
and mineral dust particles. In this case, they would move into(Richard et al., 1996). The same process has already been
the oil phase and not be in contact with the water dropletsobserved for IN-active bacteria (Lindow, 1983). Agsarium
any more, which is necessary to initiate ice formation. Ourand lichen species typically grow under cold, harsh outdoor
data from the droplet array setup, however, confirm the dataonditions, adaptation by ice nuclei expression seems a sen-
from the oil immersion device. Furthermore, the measure-sible strategy. On the other hand, the typical molds affecting
ments withF. acuminatumand SnomaX show that strong  food storages, liké\spergillusand Penicillium, are exposed
ice nuclei should definitely initiate freezing in the oil immer- to far more convenient life conditions, what could explain IN
sion. It should be mentioned that Snomaalso contains a  inactivity.
lot of IN-inactive material (e.g. the growth medium), and that  Although it looks as if the majority of fungal strains and
among the bacterial cells only a fraction carries the IN-activespecies that exist reveal no or only very poor IN activity, find-
sites. Although one can assume that a part of the ice nuclei igngs of new IN-active fungi do occur (Huffman et al., 2013;
lost in the oil phase, there was enough activity left to discrim- Morris et al., 2013; Haga et al., 2013). The broad spectrum
inate efficient ice nuclei from IN-inactive samples, which of uninvestigated and unknown species — according to cur-
show merely homogeneous nucleation. Only at very low con+ent estimations, there might be more than a million fungal
centrations is the IN activity expected to be completely lostspecies on the planet — harbours a vast potential for IN activ-
in the oil phase; however, these concentrations would not béty, even if only a tiny fraction of them can express ice nu-
significant for the atmosphere, where they would competeclei. Therefore further investigations of fungi will be neces-
with other ice nuclei that are superior concerning activity andsary in the future. Morris et al. (2013) followed the approach

abundance. of focussing on species with a lifecycle in which ice forma-
tion might be advantageous for the fungus. This approach is
3.3 IN activity of fungal spores does not depend on consistent with what is known about the IN-active bacteria,
protein concentration lichen andrusariumspecies.

lannone et al. (2011) suggested that the poor IN ability
The Bradford assay demonstrated the impact of freezingpf Cladosporiumspores may be attributed to the surface
stress during sporulation on the total protein content ofwhich is coated with hydrophobins. These are small (about
spores. While there was a reduction in protein content oflOkDa) cysteine-rich amphiphilic proteins unique to fila-
Fusarium spores as a response to stress, Thatroviride mentous fungi (Wésten et al., 1995; Frischmann et al., 2013).
strains were not affected by it. The Antarclidongibrachia-  As they are much smaller than the known IN proteins, their
tumspecies even increased its protein content in response tactivity principally has to be negligible, since an IN-active
cryo-stress. It might be that this certain strain is adapted tacenter is the more effective the more active surface it fa-
dwell in cold environments. As a whole, no correlation be- cilitates (Warren and Wolber, 1991). The folnichoderma
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species, including members of thasariumgenus (Kubicek

et al., 2011). Moreover, the transcriptomic study on genes
involved in conidiation in these fungi confirmed the high
level of hydrophobins expression associated with the coni-
diation (Metz et al., 2011). As none of the four species in
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this study showed any considerable IN activity in our study, gyrian-Sherman, D. and Lindow, S. E.: Bacterial ice nucelation:

hydrophobins might be correlated with poor IN activity.

As F. avenaceuntas an outstanding IN activity in com-
parison to other species investigated in this study, it is most
probable that fungal IN activity is caused by only a few spe-
cific proteins or other macromolecular compounds. Bacterial
IN can be derived from one protein that only slightly varies
among IN-positive species (Lindow, 1995). Furthermore, this
IN protein is only expressed by a small fraction of known

bacterial strains. As the situation seems to be analogous in
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The occurrence of freezing events had no impact on the
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proteins in a fungal isolate.
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