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Functional display of ice nucleation protein InaZ on the surface of bacterial ghosts
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ABSTRACT
In a concept study the ability to induce heterogeneous ice formation by Bacterial Ghosts (BGs) from
Escherichia coli carrying ice nucleation protein InaZ from Pseudomonas syringae in their outer
membrane was investigated by a droplet-freezing assay of ultra-pure water. As determined by the
median freezing temperature and cumulative ice nucleation spectra it could be demonstrated that
both the living recombinant E. coli and their corresponding BGs functionally display InaZ on their
surface. Under the production conditions chosen both samples belong to type II ice-nucleation
particles inducing ice formation at a temperature range of between ¡5.6 �C and ¡6.7 �C,
respectively. One advantage for the application of such BGs over their living recombinant mother
bacteria is that they are non-living native cell envelopes retaining the biophysical properties of ice
nucleation and do no longer represent genetically modified organisms (GMOs).
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Introduction

Ice nucleation proteins (INPs) of ice nucleation active
(inaC) bacteria have the property to catalyze heteroge-
neous ice formation of supercooled water by orienting
water molecules into an ice-like structure.1-3 INPs are
integrated to the outer cell membrane of Gram-nega-
tive bacteria where they form large multimers,4-6 or
can be released into the surrounding environment
known as extracellular ice nucleating material.7,8 Gen-
erally, inaC bacteria are Gram-negative, epiphytic and
pathogenic as Pseudomonas syringae, Pseudomonas
putidia, Erwinia herbicola, Erwinia ananas, Xantho-
monas campestris, or Pantoea ananatis among
others.7-17 The well characterized plant pathogen
Pseudomonas syringae represents one of the most effi-
cient INA bacterial ice nucleus known, initiating plant
damaging ice formation at temperatures of ¡2�C.11,18

Aside from the habitat of an epiphytic plant pathogen,
Pseudomonas syringae, as well as other INA bacteria
were found in clouds, rain, snow and streams indicat-
ing that they are disseminated with the earth hydro-
logical cycle.19-22 Airborne ice-active bacteria are
involved in cloud condensation – acting as cloud con-
densation nuclei (CCN) – and precipitation.23,24

Recombinant bacterial INPs were already function-
ally expressed in Gram-negative non-ice nucleation

active Escherichia coli, as well as in plants.25,26 INPs
are also used for molecular biologic applications, using
ice-nucleation activity as a reporter gene system.27 In
addition, the N-terminal domain of INPs, which link
the protein to the outer cell membrane is used as cell
surface display system.28-30

In this concept study the ice nucleation protein Z
(InaZ) of Pseudomonas syringae was expressed in E.
coli which were further processed to Bacterial Ghosts
(BGs). BGs are empty cell envelopes of Gram-negative
bacteria produced by the expression of cloned gene E
of bacteriophage Phix17431-35 The conversion of a sin-
gle living bacterium into a BG is a rapid process in the
range of milliseconds35 and can be characterized by
puncturing the bacterium cell envelope from the
inside to the outside expelling its cytoplasmic content
to the surrounding medium. Electron micrographs of
this process can be depicted from the original descrip-
tion in 199033 and a more recent one using this E-
mediated lysis of E. coli for cryo-electron tomography
of membrane protein complexes within the native cell
envelope complex remaining intact after E-mediated
lysis.34

Any protein, lipid, polysaccharide and complex
structures derived from the molecular building blocks

CONTACT Werner Lubitz werner.lubitz@bird-c.at BIRD-C GmbH, Vienna, Austria
© 2017 Taylor & Francis

BIOENGINEERED
2017, VOL. 8, NO. 5, 488–500
https://doi.org/10.1080/21655979.2017.1284712

https://crossmark.crossref.org/dialog/?doi=10.1080/21655979.2017.1284712&domain=pdf&date_stamp=2017-10-01
https://doi.org/10.1080/21655979.2017.1284712


of the cell envelope complex of a living bacterium
(either natural or recombinant expressed) is retained
in BGs.35,36 The formation of the E-specific trans-
membrane tunnel structure seals the periplasmic space
retaining all constituents of this compartment with a
minimal loss of less than 10% as compared with 90%
of constituents from the cytoplasmic space measured
by marker enzyme release and electron microscopic
studies during the E-lysis process.33,37,38 The loss of
cytoplasm including its nucleic acids content, ribo-
somes, soluble proteins and other solutes is compen-
sated by an influx of water through the envelope shell
which is freely permeable for water.35 The advantage
of BGs over their living mother bacteria is that they
are non-living but contain a native cell envelope with
their biophysical and biochemical characteristics.34,35

BGs represent a versatile alternative to bacteria when
properties of the cell envelope are in the focus of inter-
est as they represent the state and composition of the
cell envelope at the time point of their production. In
this communication it was investigated whether recom-
binant proteins introduced into the envelope complex
of E. coli such as INP also retain their functional prop-
erties in the BG envelope. So far surface changes in
BGs have only been tested immunologically by insert-
ing foreign antigens sequences into a loop of OmpA
facing the outside of the outer membrane of E. coli but
not functionally for the biophysical integrity of struc-
tural components.39 Inserting INP into the cell enve-
lope of E. coli and measuring its ice nucleation
activities is the first example reporting the structural
and functional stability of a recombinant protein being
inserted into the outer membrane of BGs.

Results

E-mediated lysis for production of ice
nucleation-active bacterial ghosts

To produce BGs carrying INPs genes inaZ and E, car-
ried on different plasmids were transformed into E.
coli C41. Briefly, 2 E-lysis plasmids have been used for
this study (Fig. 1), pGLysivb which carries lysis gene E
fused with an in vivo biotinylation sequence under
transcriptional control of a cI857 repressor gene and
mutated - λpRmut- operator system

40,41 and pGLMivb
which represents a modification of pGLysivb where E-
mediated cell lysis is controlled by LacIq / PTAC repres-
sor / promoter system. To express ice nucleation pro-
tein InaZ, in the follow called INP, its full length

sequence was fused to a C-terminal His-tag sequence
located in plasmid pBINP downstream of the arabi-
nose inducible PBAD promoter (Fig. 1). Induction of
INP was constitutive for the overnight culture of E.
coli C41 (pBINP) clones used for E-lysis studies with
plasmids pGLysivb and pGLMivb. The chemical and
temperature inducible E-lysis plasmids were tested for
lysis efficiency in combination with the INP expressed
from pBINP in E. coli strain C41. With lysis plasmid
pGLMivb expression of gene E is driven by the IPTG
inducible PTAC promotor, whereas with plasmid
pGLysivb E-mediated lysis is induced by a tempera-
ture upshift of the culture from 23�C to 42�C under
control of temperature-sensitive λ PRmut – cI857 pro-
moter – repressor system. E. coli C41 was selected to
produce INP-BGs as this strain is able to maintain cel-
lular vitality despite recombinant membrane protein
overexpression. 42

In E. coli C41 carrying pBINP, expression of INP
was induced by the addition of 0.2% arabinose to the
culture medium. The culture was grown at 23�C as it
has been shown that temperatures below 25�C have
beneficial effects on ice nucleation activity.,25,43 When
the culture reached an optical density at 600 nm
(OD600) of 0.55–0.6 E-specific lysis was induced either
by a temperature up-shift from 23 to 42�C (pGlysivb),
or by addition of 0.5 mM IPTG (pGLMivb) and is
referred to time point (Tp) 0 min in the corresponding
growth curves (Fig. 2). The growth and lysis of the
bacteria was monitored by measuring the OD600, flow
cytometry, light microscopy and by determination of
colony forming units (cfu) analysis (Figs. 2–4).

During the growth phase of E. coli C41 carrying
pBINP elongation of the cell body was observed in
some of the bacteria. This elongation was unspecific in
regard of INP expression as E. coli C41 cells carrying
plasmid pBAD24 (the backbone plasmid of pBINP)
and the lysis plasmid pGLysivb exhibit the same phe-
notype (Fig. 4).

Figure 1. Partial map of plasmids used for production of BGs car-
rying INP.
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The E-lysis process of E. coli C41 (pBINP, pGLy-
sivb) and E. coli C41 (pBINP, pGLMivb) was also
monitored online via fluorescence-based flow cytome-
try (FCM) (Fig. 3), which allows an almost online pro-
cess control to discriminate the ratio of full non-lysed
bacteria and BGs already formed.44 In a FCM sample
of bacterial culture the use of the phospholipids stain-
ing dye RH414 enables the visualization of bacteria
and the discrimination of non-cellular background.
DiBAC4(3), which enters depolarized cell membranes
and binds to intracellular proteins or membranes, pro-
vides an assessment of bacterial cell viability.45 During
E-lysis process of E. coli C41 (pBINP, pGLysivb) and
E. coli C41 (pBINP, pGLMivb) BGs exhibit a strong
DiBAC4(3) fluorescence signal and a complete shift of
DiBAC-negative living cells (G1) to DiBAC-positive
BGs (G2), can be detected at the end of lysis (Fig. 3).
The lysis of the temperature inducible C41(pBINP,
pGLysivb) culture and the chemically induced C41
(pBINP, pGLMivb) culture reached their time point of
99.9% lysis efficiency (LE) at 120 min and 150 min
after lysis induction, respectively (Fig. 2). The pres-
ence of INP in C41 bacteria did not affect E-mediated
lysis when compared with C41 bacteria carrying

plasmid pBAD24 and lysis plasmid pGLysivb (Data
not shown).

To inactivate E-lysis escape mutants and non-lysed
bacteria at time of harvest, the cultures were further
incubated for 2h at 23�C with 0.17% b-propiolactone.
This standard procedure for inactivation of any
nucleic acids remaining in BG preparations45 ensures
that BGs carrying INP and BGs without INP which
were used in the following for the droplet-freezing
assay did not contain any viable cells.

The attempts to trace pBINP encoded INP by its
C-terminal His-tag were not successful and made it
necessary to raise antibodies against INP. For this pur-
pose, a N-terminal truncated version of INP (-NINP)
was used and purified. -NINP was injected into rabbits
to produce INP specific antibodies (see Materials and
Methods) and with this antiserumWestern blot analy-
sis was performed to detect the presence of expressed
INP at time point of E-lysis induction (0min) and
after b-propiolactone treatment of harvested INP-BG
samples (Fig. 5). The calculated molecular weight
(Mr) of the 1200 aa long INP is 118,6 kDa and the
band visible at 120 kDa in samples of full E. coli C41
bacteria with expressed INP and BGs derived from
them (Fig. 5, lane 1 to 4) corresponds to the full length
INP. Furthermore, an additional protein band at
87 kDa was detected in the INP bearing samples of E.
coli C41 (pBINP, pGLMivb) and E. coli C41 (pBINP,
pGLysivb). These 2 prominent bands were not
detected in E. coli C41 carrying the backbone plasmid
pBAD24 for the INP expression plasmid pBINP
(Fig. 5, lane 5 to 6). As ATG and corresponding posi-
tional Shine-Dalgarno (SD) sequences for a truncated
87kDa INP could not be detected in the nucleotide
sequence of inaZ it is most likely that the lower
migrating protein band represents an INP degradation
product. Such a INP degradation product has also
been reported for InaV 46

Ice nucleation activity of BGs carrying INP (INP-BGs)

Ice-nucleating activity of full bacteria and BGs carry-
ing INP, produced from E. coli C41 with lysis plasmid
pGLysivb (INP-BG-pLy) or pGLMivb (INP-BG-pLM)
respectively, was determined by a droplet-freezing
assay (for details see Material and Methods). Living E.
coli C41 cells carrying INP and lysis plasmid pGLysivb
(C41-INP) not induced for lysis were used as a posi-
tive control. Living E. coli C41 cells carrying pBAD24

Figure 2. Growth and E-lysis of E. coli C41 carrying plasmids for
expression of INP and BG production. E. coli C41 (pBINP,
pGLMivb) (quad) and E. coli C41 (pBINP, pGLysivb) (triangle) cul-
tures were grown in LBv supplemented with 0.2% arabinose to
induce INP expression at 23�C from plasmid pBINP. At time point
zero (illustrated by vertical sketched line) E-mediated lysis was
induced from pGLysivb by temperature shift from 23�C to 42�C
and from pGLMivb by addition of 0.5 mM IPTG. Open symbols
indicate OD600 values of growth and lysis phase. During E-lysis
colony forming units (closed symbols) were determined to calcu-
late lysis efficiency. After 120 min (E. coli C41 [pBINP, pGLysivb])
and 150 min (E. coli C41 [pBINP, pGLMivb]) BG production was
completed. Data were obtained from 3 independent experi-
ments. Error bars indicate standard errors.
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and pGLysivb (C41–24-pLy) as well as their BG
derived form (BG), carrying no INP were included as
a negative control.

As the heterogeneous freezing of a droplet of
ultra-pure water at a given temperature is deter-
mined by the most active ice nucleus inside the
droplet (meaning that only these nuclei is detectable
4,11) a series of dilutions from each suspension was
tested. The particular freezing temperatures of the
tested droplets plotted against the temperature, was
used to determine the median freezing temperature
T50 (Fig. 6B) and cumulative ice nucleation spectra
(Fig. 7) of the samples. T50 is the temperature at
which 50% of the droplets placed on the cooling
device are frozen and was calculated out of the
freezing spectra of each tested suspension contain-
ing 5 £ 108 cells ml¡1 (Fig. 6A).

Both independent prepared INP-BG samples (INP-
BG-pLM and INP-BG-pLy) showed a very close T50

values of ¡6.9�C and ¡6.7�C respectively, with first
freezing events starting at ¡6.0�C. With living of E.
coli C41 carrying INP (C41-INP) the first freezing
event was noted at ¡5.5�C. The T50 value for this

group was calculated to be at ¡5.6�C. The T50 for E.
coli C41 cells (C41–24-pLy) and corresponding BGs
carrying no INP was at ¡20.1�C and ¡18.9�C, respec-
tively. The first frozen droplets detected for C41–24-
pLy and C41 BGs were at ¡14�C, therefore the ice
nucleation activity of INP-BGs was monitored up to a
temperature decrease of ¡13�C not to detect INP
unspecific induction of ice formation. For further
characterization of the ice nucleation activity of INP-
BGs the cumulative number N(T), of ice nuclei ml¡1

active at a given temperature (Fig. 7A) and the nucle-
ation frequency (NF) (Fig. 7B) were determined. The
NF, obtained by normalizing the number of ice nuclei
ml¡1 for the number of cells in the original suspen-
sion, describes the fraction of cells in the suspension
enfolding active ice nucleation sites at a given temper-
ature.25 For both INP-BGs, ice nucleation was
detected at ¡6�C, with a nucleation frequency of
3 £ 10¡8 for INP-BG-pLM and 1,9 £ 10¡7 for
INP-BG-pLy. As the temperature decreased from
¡6�C to ¡7�C, the total number of ice nucleation
active sites per cell at ¡7�C for INP-BG-pLM com-
pared with INP-BG-pLy varies significantly 5 £ 10¡5

Figure 3. Light microscopy pictures of E. coli C41 (pBINP, pGLysivb), E. coli C41 (pBINP, pGLMivb), and E. coli C41 (pBAD, pGLysivb)
strains at time point of lysis induction (Tp - 0min) and end point of E-mediated lysis after 120 min and 150 min, respectively (Tp - 120
min, Tp - 150 min).
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and 3.3 £ 10¡6, respectively. At a temperature of
¡10�C both types of INP-BGs exhibit closer NF activ-
ity values of 1.6 £ 10¡4 for INP-BG-pLy and 3 £
10¡4 for INP-BG-pLM. With further decrease in tem-
perature down to ¡13�C, NF of INP-BG-pLM and
INP-BG-pLy was 6.3 £ 10¡4 and 6.4 £ 10¡4. Ice
nucleation activity of living E. coli C41 carrying INP
(C41-INP) was detected at higher temperature
(¡5.5�C) with an obviously higher NF of 1.2 £ 10¡5

which increased to 3.3 £ 10¡4 at ¡7�C. When tem-
perature decreased to-13�C, an increase in NF up to
1.3 £ 10¡3 for C41-INP was detected.

Discussion

This communication is the first report of E. coli BGs
carrying INP on their cell surface (INP-BGs). INP-
BGs are able to lower the freezing point of ultra-pure
water to a considerable content. The efficiency of bac-
teria nucleating ice-formation at a certain temperature
can be subdivided into 3 distinct classes, type I acts at
¡5�C or warmer, type II from ¡5 to ¡7�C and type
III below ¡7�C.47,48 According to this classification
model the T50 value of INP-BGs determined in this
study are belonging to type II (Fig. 6B) and with addi-
tional type III ice nucleation BGs in the samples
(Fig. 7). Negative control BGs without INP and live E.
coli C41 bacteria alone exhibit a T50 value of ¡18.9�C
and ¡20.1�C, respectively (Fig 7).

Recombinant live bacteria E. coli C41 expressing
INP on their surface also belong with their T50 value
to type II inaC particles, however, they possess slightly

Figure 4. Flow cytometry density dot plots showing E-lysis pro-
cess of E. coli C41 (pBINP, pGLysivb) and E. coli C41 (pBINP,
pGLMivb) strains. Illustrated populations are discriminated from
non-cellular background via Rh414 staining. Dot plots illustrate
fluorescence intensity with Dibac4(3) vs. FSC–forward scatter; G1:
living cells, G2: BGs. Tp - 0 min: indicates time point of lysis induc-
tion; Tp - 60 min: 60 min after lysis induction; Tp - 120 min: end
of lysis phase for E. coli C41 (pBINP, pGLysivb); Tp - 150 min: end
of lysis phase for E. coli C41 (pBINP, pGLMivb).

Figure 5. Western blot analysis of E. coli C41 expressing INP and
harboring E-lysis plasmid pGLysivb or pGLMivb, respectively, and
their derived BGs. Samples were taken at time point of E-lysis
induction (Tp - 0 min) and after b-propiolactone treatment of BG
samples. Western blotting was performed with rabbit anti-H-
NINP serum and anti-rabbit IgG horseradish peroxidase conju-
gated antibodies. Lane1: E. coli C41 (pBINP, pGLMivb); lane 2:
INP-BG-pLM, BG derived form of E. coli C41 (pBINP, pGLMivb);
lane 3: E. coli C41 (pBH-NINPL, pGLysivb); lane 4: INP-BG-pLy, BG
derived form of E. coli C41 (pBINP, pGLysivb); lane 5: E. coli C41
(pBAD, pGLysivb); lane 6: BG, BG derived form of E. coli C41
(pBAD, pGLysivb). Positions of molecular size marker proteins are
indicated in kilodaltons (kDa).
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more ice catalyzing sites active at temperature of¡6 to
¡7�C than the corresponding INP-BGs (Fig. 7). This
difference might be explained by the fact that although
the rod shaped bacterial cell envelope in BGs is
retained it lacks the inner cytoplasmic turgor which
makes the live bacteria chock-full which could provide

a better positioning of neighboring INPs for ice nucle-
ation. The crucial question, what makes a good ice
nucleation center seems to depend on the coupling of
surface crystallinity and hydrophilicity.49 Recently, the
idea of ice templating by INPs has been proven experi-
mentally showing that hydrogen bonding at the water-
bacteria contact induce structural order and drive
phase transitions of water in bacterial hydration shell.3

Former findings that a growth temperature of 30�C
and higher of bacteria expressing INP had significant
negative effects on the number of active ice nuclei
were also investigated.25,43 INP-BGs were produced
with 2 different lysis plasmids (pGLMivb and pGLy-
sivb) controlling E-lysis by a chemical and tempera-
ture-sensitive promotor system, respectively. INP-BGs
produced with pGLMivb were kept at 23�C for the
whole production process whereas INP-BGs produced
with pGLysivb were shifted to 42�C for 2h for the E-
induced lysis. When the 2 different INP-BGs were
compared for their ice-nucleation activity INP-BGs-
pGLy (2h at 42�C) showed nearly the same ice
nucleation frequency at ¡6�C. However, at ¡7�C
INP-BGs-pGLM kept at 23�C exhibit a significant
difference in the number of ice nucleation active sites
per cell compared with INP-BGs-pGLy with NF of
5 £ 10¡5 versus 3.3 £ 10¡6 (Fig. 7). This observation
indicates a slight negative effect of higher temperature
on nucleation frequency of INP-BGs. A bit more the
differences were detectable with the living INP bacte-
ria (C41-INPC) with respect to the T50 value at lower
temperature of ¡5.6�C (Fig. 6) and the (higher) total
number of ice nuclei per cell at the first droplet freez-
ing temperature (Fig. 7). Posttranslational modifica-
tions of INP are supposed to modify the stability of
INP accumulations.6,50 Independent from potential
temperature effect on INP formation and the firm
cell-envelope of living cells mentioned above host cell
phospholipase is induced by protein E.51 This enzy-
matic activity makes the envelope membranes more
fluid at the E-mediated lysis tunnel area and could
account for the ¡1�C difference detected in the T50

value of INP-BGs and live C41-INP parent bacteria.
Full length INP and a major INP degradation prod-

uct have been detected with the rabbit antibodies
raised against purified InaZ protein truncated with its
N-terminal anchoring sequence (Fig. 5). The compari-
son of INP in E. coli C41 bacteria before and after
E- mediated lysis show the same intensity of the INP
specific bands in the live bacteria and their

Figure 6. Average number of freezing spectra (A) and median
freezing temperatures (T50) (B) of INP-BGs living E. coli C41 and E.
coli C41 BGs. E.coli C41 (pBINP, pGLMivb) (INP-BG-pLM) (&) C41
(pBINP, pGLysivb) (INP-BG-pLy) (~), E.coli C41(pBINP, pGLysivb)
cells carrying INP (C41-INP) (^), E.coli C41(pBAD24, pGLysivb)
ghosts (BGs) (!) and C41 (pBAD24, pGLysivb) cells (C41–24-pLy)
(�). 210£10 ml droplets of ROTISOLV� water (�) were included
as unspecific control. (A) Ice nucleation curve plotted as number
fraction of frozen droplets in percent (fice %) at any temperature.
(B) T50, temperature where 50% of all droplets are frozen. Forty-
five 10 ml droplets of each suspension containing 5 £ 108 cells
ml¡1 were tested by droplet freezing. Average numbers are
obtained from 3 independent experiments. Error bars represent
the standard errors.

BIOENGINEERED 493



corresponding BGs. The chemical induced BGs seem
to have a little bit better expression of INP and this
could also explain the difference of number of ice
nuclei at ¡7�C discussed above. Other studies
observed ice nucleation activity for recombinant ice
nucleation active E. coli similar to the P. syringae wild
type strain acting as typ I ice nuclei (below ¡5�C).25,52

In the latter case INP of inaC E. coli was expressed
during logarithmic and stationary growth phase of the
bacteria46,53 whereas E-protein mediated lysis requires
active growth and cell division of the host bacteria
limiting the INP expression time considerably.54-56

It should be mentioned that the experiments
described in this communication did not have the aim
to optimize the expression rates nor the quantity of
INP per BG. Fed-Batch production of BGs could sig-
nificantly increase the level of INP per BG and the
total yield of INP-BG.57

The investigations performed were rather concept
studies to answer the question whether BGs have the
ability to induce ice nucleation at all. BGs from a
recombinant Gram-negative bacterium as in our case
E. coli C41 carrying INP could have the advantage
over live parent bacteria that they are non-living and
most important that they are no longer genetically
modified organisms (GMOs) but only products
thereof. In this respect they do not represent any bio-
hazard in modifying microbial communities and
escape arguments against GMOs in all different
aspects. In addition b-propiolactone (BPL) treatment
(which alkylates nucleic acids) of the produced BGs
inactivate E-lysis escape mutants assuring a total safe
BG preparation.45 The ability of INA BGs to lower the
freezing time and temperature of goods could give an

edge over its commercial competitors improving the
economics and safety of snow making.

In the past BGs have been used for various pur-
poses such as vaccines, carrier and targeting vehicles,
miniature bioreactors and have been produced from a
range of Gram-negative bacteria, as for example Sal-
monella tryphimurium, Actinobacillus pleuropneumo-
niae, Klebsiella pneumoniae, Vibrio cholera,
Mannheimia haemolytica, Bordetella bronchiseptica,
Shigella flexneri, Ralstonia eutropha, Pectobacterium
cypripedii and various pathogenic and non-pathogenic
E. coli strains including probiotic E.coli Nissle 1917.58-
60 The use of INP-BGs from non-pathogenic E. coli
strains or other harmless bacterial strains could find
applications for advanced freezing processes and tex-
turing of frozen food, water solubility of BG adsorbed
compounds, BG ice nucleation in the atmosphere,
cloud formation or artificial rain. One particular
advantage for the latter 2 applications could be that
BGs represent a light version of bacteria having lost
almost 3/4 of their weight when compared with the live
parent bacteria. Therefore, INP-BGs should be able to
use atmospheric transport ways more efficiently than
their heavy brothers and sisters. Even if biologic ice
nucleation in clouds on a global scale is in the upper-
most estimate of 0.6%61 INP-BGs could find their
niche in local applications competing with the use of
toxic chemicals for cloud seeding or as both cloud
condensing nuclei and heterogeneous ice nuclei for
the production of clouds and precipitation.23

Beside various commercial applications of INP-BGs
mentioned above it is anticipated that INP-BGs could
also be a valuable tool to further investigate the molec-
ular mechanisms governing biologic ice growth. In a

Figure 7. Cumulative concentration of ice nucleation activity for INP-BGs and E. coli C41-INP. E. coli C41 (pBINP, pGLysivb) (~) and E. coli
C41 (pBINP, pGLMivb) (&) - BGs. Not lysed E. coli C41 (pBINP, pGLysivb) (^) harvested before lysis induction. (A) Average Number of ice
nuclei ml¡1 at a given temperature N(T). (B) Average of Nucleation frequency (NF) expressed as ice nuclei cell¡1. Data obtained from 3
independent experiments. Error bars represent the standard errors.
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recent study BGs have been used for cryo-electron
tomography (cryoET) of native E. coli envelope mem-
branes.34 CryoET has become a powerful tool for
direct visualization of 3D structures of membrane pro-
tein complexes smaller than 300 nm at molecular res-
olution within native cell membranes. This
application of cryoET for structural and functional
studies of membrane protein complexes could become
applied to INP. Furthermore, genetic engineered E.
coli BGs as carrier of INP could extend the tool box
for systematic studies in basic science manipulating
various cell envelope structures such as lipids, polysac-
charides and other which influence the efficiency of
the biologic ice nucleation process.50,62

Materials and methods

Strains, plasmids and media

The E. coli strain K-12 5-a (New England BioLabs,
NEB) has been used for routine cloning and E. coli
C41(DE3) (Lucigen) for INP-BG production. Bacterial
cultures were grown in animal protein-free, vegetable
variant of Luria-Bertani (LBv: 10.0 g/l soy peptone
(Carl Roth), 5.0 g/l yeast extract (Carl Roth), and
5.0 g/l NaCl). Appropriate antibiotics were supple-
mented to maintain the respective plasmids. The final
concentration of antibiotics was as follows: ampicillin,
100 mg ml¡1; gentamycin, 20 mg ml¡1. The plasmids
pBAD2463 and pGLysivb40,41 used in this study have
been described previously. Lysis plasmid pGLMivb
was obtained from Bird-C plasmid collection and rep-
resents a modification of lysis plasmid pGLysivb,
where the temperature inducible λpR-cI857 promoter
repressor system is exchanged by a chemical inducible
LaqIq-repressor-Ptac-promoter system. Plasmid pEX-
A2INP (Eurofins Genomics) harbors a chemically
synthesized 3600 bp inaZ gene encoding INP of Pseu-
domonas syringae.64

Plasmid construction

To express, the INP under control of PBAD promoter
the inaZ gene was cloned into the plasmid pBAD24.
The sequence of inaZ without the termination codon
was amplified by PCR where plasmid pEX-A2INP was
used as template and primers inaZ-fwd and inaZ-his-
rev to introduce terminal restriction sites EcoRI
(5�- end) and HindIII (3�-end), as well as a 6x-His tag
coding sequence and 2 termination codons at the

3�-end. Sense: (inaZ-fwd) 5�-GTACCGGAATTCAAT
GAATCTCGACAAGGC- 3�; anti-sense: (inaZ-his-rev)
5�- CTGGGAAGCTTTTA TTAATGGTGATGGTGAT
GGTGAGAGCCGGATCCCTTTACCTCTATCCAGT
CATC -3�. The amplified PCR fragment was cloned into
the corresponding sites of the bacterial expression vec-
tor pBAD24, resulting in plasmid pBINP.

To construct pBH-NINP, expressing a N-terminal
His-tagged truncated INP (H-NINP) lacking 485 bp
of the 525 bp long N-terminal domain sequence, a
3174 bp PCR product was produced by PCR amplifi-
cation using plasmid pEX-A2INP as template. Fol-
lowing primers were used: his-inaZ-fwd (5�-GTACC
GGAATTCA ATGCACCATCACCATCACCATGG
ATCCGGCTCTATGAATCTCGACAAGGC-3�) to
introduce terminal 6x-His tag coding sequence and
EcoRI- restriction site at 5�-end; inaZ-rev: (5�-GACCC
AAGCTTCTACTTTACCTCTATCCAGTCATC-3�)
for a 3�-end HindIII site. The amplified PCR product
and plasmid pBAD24 were digested with appropriate
restriction enzymes and ligated into their corre-
sponding sites to get pBH-NINP.

Growth, E-lysis and inactivation of bacteria

E. coli C41 harboring pBINP and E-lysis plasmid
were grown in LBv supplemented with suitable
antibiotics and 0.2% L-arabinose at 23�C to induce
constitutive expression of the ice nucleation protein
sequence under control of PBAD. When the culture
reached an optical density at 600 nm (OD600) of
0.6 E-mediated lysis was initiated. Expression of
gene E in lysis plasmid pGLysivb was induced by a
temperature up-shift of the growing cultures from
23�C to 42�C. Whereas the expression of gene E
from lysis plasmid pGLMivb in cultures kept at
23�C was induced with 0.5 mM isopropyl-D-1-thi-
ogalactopyranoside (IPTG). After the completion of
E-lysis process, the cell harvest was washed 4 times
with 1x Vol. of sterile de-ionized water (dH2O) by
centrifugation and suspended in 1x Vol of sterile
dH2O. To inactivate any surviving E-lysis escape
mutants from BG production, 0.17% (v/v) of the
DNA-alkylating agent b-propiolactone (BPL, 98.5%,
Ferak) was added to the washed harvest and kept
for 120 min at 23�C with agitation. This mixture
was washed twice with 1x Vol. of sterile dH2O and
once with ROTISOLV� water (Carl Roth) and
finally resuspended in 1/10x Vol. ROTISOLV�.
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Monitoring and determination of E-lysis efficiency

The BG production was monitored by light-micros-
copy (Leica DM R microscope, Leica Microsystems),
by checking the optical density at 600nm (OD600) and
fluorescence-activated flow cytometry according to
Langemann et al.44,45 Flow cytometry (FCM) was per-
formed using a CyFlow� SL flow cytometer (Partec)
with a 488-nm blue solid-state laser. The membrane
potential-sensitive dye DiBAC4(3) (abs./em.: 493/
516 nm, FL1,) was used for the evaluation of cell-via-
bility. Fluorescent dye RH414 (abs./em. 532/760 nm)
was used for staining phospholipid membranes and
discriminating non-cellular background. 1 ml samples
were diluted to provide appropriate cell counts and
stained with 1.5 ml DiBAC4(3) (0.5mM) and 1.5 ml
RH414 (2 mM), both from AnaSpec. Collected data
was analyzed using FloMax V 2.52 (CyFlow SL; Quan-
tum Analysis) and presented as 2D density dot plots
illustrating forward scatter (FSC) against DiBAC fluo-
rescence signal (FL1, DiBAC). To determine the col-
ony forming units (cfu) during growth and lysis of E.
coli C41 expressing INP bacterial samples were col-
lected at different time points, diluted with saline and
50 ml samples were plated as triplicates on Plate Count
Agar (Carl Roth) using a WASP spiral plater (Don
Whitley Scientific). The plates were incubated at 36�C
overnight and analyzed the next day using ProtoCOL
SR 92000 colony counter (Synoptics Ltd). Lysis effi-
ciency (LE) is defined as ratio of BGs after complete
lysis to total cell counts and can be calculated by using
following equation:

LE D 1¡ cfu tð Þ
cfu t0ð Þ

� �
£ 100% (1)

where, t0 is the time point of lysis induction (LI) and t
is any time after LI.

Production of INP antibodies

N-terminal His-tagged INP lacking the N-terminal
domain (H-NINP) was expressed from pBH-NINP in
E. coli C41and H-NINP affinity purification of the
protein was performed under denaturing conditions
by using a nickel- agarose column (QIAGEN) accord-
ing to the manufacturer’s instructions. With this pro-
tein fraction custom made INP specific polyclonal
serum was produced by Moravian Biotechnology in
rabbits after 4 rounds of immunization.

Western blot analysis

Pellets (5 £ 10¡8 cells or BGs ml¡1) were resuspended
in 1x SDS gel-loading buffer, boiled for 5 min and
electrophoretically separated on BoltTM 8% Bis-Tris
Plus gel by using XCell SureLockTM Mini-Cell electro-
phoresis system (Thermo Fisher Scientific). The pro-
teins were then transferred to nitrocellulose
membrane (GE Healthcare) with transfer buffer
(25 mM Tris, 192 mM glycine, 20% methanol) using
the XCell IITM Blot Module (Thermo Fisher Scien-
tific). The membrane was placed in TBST (20 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 0.05% Tween-20)
with 5% milk powder (Carl Roth) overnight at 4�C.
Immunodetection was performed using rabbit poly-
clonal a-H-INP antibody serum followed by a-rabbit
IgG-HRP (GE Healthcare). Detection was performed
with an Amersham ECL Western blot detection kit
(GE Healthcare) and developed with ChemiDocTM

XRS (Bio-Rad).

Ice-nucleating activity measurements

The ability to nucleate ice formation was measured by
droplet freezing assay using a modified device based
on a method of Vali.65 The cooling unit was con-
structed with the help of instruction notes by Quick-
Ohm (Quick-Ohm K€upper). Hence, to detect ice
nuclei in the suspensions to be tested (each suspension
was adjusted to a concentration of 5 £ 108 cells ml¡1

determined by FCM) active at lower temperatures, a
series of tenfold dilutions from each suspension (rang-
ing from 5 £ 108 cells ml¡1 to 5 £ 104 cells ml¡1) was
tested resulting in respective ice nucleus spectrum.
Forty-five 10 ml droplets if not indicated otherwise of
each dilution were distributed on a sterile aluminum
plate coated with a hydrophobic film. The plate sur-
face was washed with acetone before coating and
flushed with a stream of filtered air before the sample
droplets were placed. The plate was surrounded by
styrofoam and covered by a plexiglas plate for isola-
tion. The temperature of the working plate was
decreased by 2 in series circuited 2-stage Peltier ele-
ments of the type TEC2–127–63–04, controlled by a
QC-PC-C01C temperature controller (Quick-Ohm
K€upper). The temperature controller was energized by
a 10 kV potentiometer (M22S-R10K, Eaton). To mea-
sure the surface temperature of the plate a small preci-
sion temperature sensor TS-NTC-103A (BCB
Thermo – Technik) was affixed, which is connected to

496 J. KASSMANNHUBER ET AL.



the controller and the controller-display QC-PC-D-
100 (Quick-Ohm K€upper). The plate surface can be
cooled by the Peltier elements to a maximum temper-
ature of ¡24.5�C. The temperature variation of the
plate surface determined by a Voltcraft PL-120 T1
thermometer and a type K temperature sensor (1xK
NL 1000, BCB Thermo – Technik) was § 0.4�C. Sam-
ples were tested for its ice nucleation activity from ¡2
to ¡13�C at a constant rate of 0.5 or 1�C decrements.
After a 30 sec dwell time at each temperature the Plex-
iglas plate was removed and the number of frozen
droplets was recorded by a Panasonic Luminex DMC-
FS3 digital camera.

The different samples were compared by the
median freezing temperature (T50), which represents
the temperature where 50% of all droplets are frozen.
The T50 was calculated with the equation reported by
Kishimoto et al.66

T50 D T1C T2¡T1ð Þ 2¡ 1n¡ F1ð Þ
F2¡ F1ð Þ (2)

where F1 and F2 are the number of frozen drops at
temperature T1 and adjacent temperature T2, and are
just below and above 50% of the total number of tested
drops (n).

The cumulative number N(T), of ice nuclei ml¡1

active at a given temperature was calculated by an ana-
logical variant of the equation of Vali 65 reported by
Govindarajan and Lindow:4

N Tð Þ D ¡ ln fð Þ £ 10D

V
(3)

where fD fraction of droplets unfrozen at temperature
T, described as total number of droplets used divided
by unfrozen droplets (N0/ NU), V D volume of each
droplet used (10 ml), D D the number of 1:10serial
dilutions of the original suspension. N(T) was normal-
ized for the number of cells present in each suspension
to obtain the nucleation frequency (NF) per cell by
dividing ice nuclei ¡ml through cell density (cell¡ml).
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