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Abstract This study aims at assessing the influence of
Pseudomonas fluorescence cell morphology on the effec-
tiveness and production of the lytic bacteriophage ¢GIBB-
PF7A. P. fluorescens were cultured as rods or as elongated
cells by varying the temperature and rotary agitation con-
ditions. Cells presented rod shape when grown at temper-
atures up to 25°C and also at 30°C under static conditions,
and elongated morphology only at 30°C when cultures
were grown under agitation. Elongated cells were 0.4 up to
27.9 um longer than rod cells. Rod-shaped hosts were best
infected by phages at 25°C which resulted in an 82% cell
density reduction. Phage infection of elongated cells was
successful, and the cell density reductions achieved was
statistically similar (P > 0.05) to those obtained at the
optimum growth temperature of P. fluorescens. Phage burst
size varied with the cell growth conditions and was
approximately 58 and 153 PFU per infected rod and
elongated cells, grown at 160 rpm, at 25°C (the optimal
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temperature) and 30°C, respectively. Phage adsorption was
faster to elongated cells, most likely due to the longer
length of the host. The surface composition of rod and
elongated cells is similar in terms of outer membrane
proteins and lipopolysaccharide profiles. The results of this
study suggest that the change of rod cells to an elongated
morphology does not prevent cells from being attacked by
phages and also does not impair the phage infection.

Introduction

A Dbacterial genus presents typically one or a limited
subset of different morphologies within the forms rods,
variations of rods, or cocci. Cells can change their shape
in response to adverse environments (for example, nutrient
limitation) or during the course of pathogenesis which
might improve their survival chances. It is suggested that
the variability of shapes is greatly due to bacterial defense
mechanisms against adverse conditions and predation.
Bacterial morphology can aid bacteria against predation
by allowing them: (i) to escape by being too small or too
fast, (ii) to resist ingestion by becoming too large or too
long, and (iii) to become inaccessible by growing in
aggregates or biofilms [29]. Moreover, cell morphology
can also have a role in optimizing cell attachment to
surfaces, passive dispersal, active motility, and internal or
external differentiation [28].

Bacteriophages (phages) are bacterial viruses discovered
nearly 100 years ago. Since then, a vast amount of research
has been carried out with different phage-host systems and
it is commonly accepted that the effectiveness of bacte-
riophages in lysing their hosts depends greatly on the target
bacterium but also on external factors which can highly
influence phage growth parameters.
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In a recent work, biofilms of Pseudomonas fluorescens,
a psychrotrophic bacterium, were observed to acquire rod
and elongated shapes depending on the conditions used
[21] which were both infected by phage ¢IBB-PF7A.
However, the influence of infection of these different
morphologies on progeny phage production remained
unclear. Thus, this study aims at understanding the impact
of cell morphology on the level of outer membrane proteins
(OMP) and lipopolysaccharides (LPS) (possible phage
receptors), and evaluating the influence of P. fluorescens
cell morphology on phage adsorption and production.

Materials and Methods
Bacteria and Bacteriophage

Pseudomonas fluorescens PFTA was previously selected
and used to isolate bacteriophage GIBB-PF7A [20]. The
bacterium was grown at 30°C in Tryptic Soy Broth or in
solid TSA medium with 1.2 % wt/vol of agar. Bacterio-
phage ¢IBB-PF7A was propagated using the double soft
agar layer described by Sambrook and Russell [19].

Phage Titration

Bacteriophage ¢IBB-PF7A titers were determined using
the double agar layer described by Adams [1].

Effect of Different Parameters on Cells

Pseudomonas fluorescens were grown in TSB at different
temperatures (5, 10, 15, 20, 25, and 30 C) and rotational
agitation speeds (no speed, 160, and 200 rpm) until mid-
exponential phase (OD 0.8-0.9). After growth, cultures were
centrifuged (9,000xg, 10 min, 4°C), and the pellet was
resuspended in spent media (supernatant of the respective
growth condition) and adjusted to an optical density at
600 nm (ODggg) of 1.0. The ODgq values were transformed
to numbers of viable cells (CFU mlfl) through calibration
curves made with cells presenting rod shape and elongated
morphology. The resulting equations are as follow: nr rod
cells (CFU ml™!) = 1.70 x 10° x ODggo + 2.77 x 10°%;
nr elongated cells (30°C, 160 rpm) (CFU ml™!) =
6.45 x 10® x ODggo + 6.60 x 10°% and nr elongated cells
(30°C, 200 rpm) (CFU ml™") = 3.72 x 107 x ODgp +
1.75 x 10°. Viable cell counts were determined and an
ODggq of 1.0 of cultures grown at 30°C using rotary agita-
tions of 160 and 200 rpm correspond to 5.90 x 10® and
3.80 x 107 cells ml™', respectively. In cultures grown from
5 to 25°C and at 30°C under static conditions, this ODg
corresponds to 7.60 x 10° cells ml™", respectively.
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Phage Infection of P. fluorescens Cells

125 wl of P. fluorescens cultures (ODggo 1.0) and 125 pl of
a phage in SM buffer (5.8 g17' NaCl, 2 g 17! MgSO,-
7H,0, 50 ml 1=' 1 M TRIS, pH 7.5), at a concentration to
give a multiplicity of infection (MOI) of 0.15, were placed
in 96-well microplates. The control corresponds to 125 pl
of bacterial suspension and 125 pl of SM buffer. Infection
experiments were followed through ODgy, measurements
and determination of phage titer. Three independent
experiments were performed.

Phage One-Step Growth and Adsorption Experiments

One-step growth curves and adsorption assays were per-
formed at room temperature as described by Sillankorva
et al. [20, 21].

Field Emission Scanning Electron Microscopy
(FESEM)

Cell suspensions were placed on stainless steel slides and
fixed with 2.5% (v/v) glutaraldehyde (4°C, 1 h). After,
samples were washed by immersion in PBS, dehydrated in
ethanol, and critical point dried (Critical Point Dryer CPD
030). Samples were coated with platinum and analyzed
with Field Emission Scanning Electron Microscopy
(FESEM) (JEOL JSM-6300F instrument).

Outer Membrane Protein Isolation and Analysis

Outer membrane proteins (OMP) were isolated according
to the method described by Masuda et al. [15]. OMPs were
separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) [11] (12% (wt/vol)) acryl-
amide, at a constant current of 14 mA, and after that gels
were silver stained.

Lipopolysaccharide Extraction

Lipopolysaccharides (LPS) were extracted using the LPS
extraction kit (iNtRON) according to the manufacturer’s
instructions. LPS were separated using an urea-based SDS-
PAGE as described by Maskell [14]. For this, 10% (wt/vol)
acrylamide gels containing 2.88 g of urea were run at a
constant current of 14 mA. After, the gels were silver
stained.

Statistical Analysis

To compare the cell density reductions after the different
phage experiments performed, analysis of variance
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(ANOVA single factor from MS Office) was used. In all the
analysis performed, the confidence interval used was 95%.

Results

Effect of Temperature on Cell Length and Phage
Infection

To evaluate morphological alterations, planktonic P. fluo-
rescens cells grown at 160 rpm and at different tempera-
tures were analyzed by FESEM. The bacterium presented
rod shape (Fig. 1a) when grown in the range of 5-25°C and
elongated shape when grown at 30°C (Fig. 1b). The length
of rod cells was in average 2.38 pm and the minimum
length of elongated cells was 4.2 um and grew up to a
maximum cell length of 23.8 um (Table 1).

In experiments carried without phage (controls), the
cells continued to grow (Fig. 1c) while cell density of
phage infected planktonic cultures decreased (Fig. 1d).
Lysis of rod cells was enhanced and statistically different
(P <0.05) at 25°C (Fig. 1d) compared to all other

temperatures which produced rod-shaped cells (5-20°C).
At this temperature, phages caused an approximately 82%
of cell density reduction compared to control samples
(Table 1). Cell density reduction (80%) of phage infection
of elongated cells, grown at 30°C, was not significantly
different (P > 0.05) from cells infected at 25°C (Table 1).
Phage replication inside cells with reduced specific growth
rate (5 and 10°C) (Table 1), led to low numbers of progeny
phages produced (Fig. le).

One-step growth experiments performed at room tem-
perature (RT) showed that the latent and rise periods were
not influenced by cell morphology; however, the burst size
varied considerably resulting, after 60 min, in approxi-
mately 58 (rod) and 150 (elongated) progeny phages per
infected cells (Fig. 2a). Furthermore, adsorption assays,
also performed at RT, showed a slightly faster adsorption
of phages to elongated cells (Fig. 2b). The adsorption rates
for rod and elongated cells, calculated according to Barry
and Walter [2], were of 3.97 x 107" and 4.21 x 107"
ml min~" for a period of 4 min, respectively.

The P. fluorescens OMP and LPS profiles remained
similar regardless of cell morphology (Fig. 2c, d).
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Table 1 Influence of temperature and rotational agitation speed on P. fluorescens PFTA cell length, specific growth rate, cell number at an
ODyg of 1, and cell density decrease (%) after phage infection using a MOI of 0.15

T (°C), Speed (rpm)

Cell length® (um) (£SD)

p(h™") (£SD) Log (CFU ml™")

ODggo decrease

[min (um)-max (pm)]° (%) (£SD)
5, 160 2.14 (0.84) [1.6-3.6] 0.025 (0.001) 9.85 (0.03) 67.80 (3.08)
10, 160 2.28 (0.87) [1.7-3.7] 0.047 (0.002) 9.89 (0.02) 69.33 (2.75)
15, 160 2.25 (0.90) [1.7-3.8] 0.070 (0.004) 9.85 (0.04) 61.54 (4.05)
20, 160 2.54 (0.43) [2.3-3.3] 0.087 (0.004) 9.86 (0.05) 73.08 (3.75)
25, 160 2.70 (0.45) [2.4-3.4] 0.122 (0.003) 9.88 (0.04) 82.37 (1.94)
30,160 14.80 (7.30) [4.2-23.8] 0.084 (0.003) 8.77 (0.12) 79.75 (6.75)
30, 0 2.04 (0.78) [1.5-3.3] 0.048 (0.004) 9.88 (0.04) 27.04 (4.50)
30, 160 14.80 (7.30) [4.2-23.8] 0.084 (0.003) 8.77 (0.12) 79.75 (6.75)
30, 200 20.7 (7.12) [11.3-29.2] 0.127 (0.002) 7.58 (0.04) 84.15 (2.38)
SD standard deviations
# Minimum and maximum size from measurements of 5-10 cells
® Minimum and Maximum cell length observed
A B Ckbp 25 30 D kD
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Fig. 2 Phage ¢IBB-PF7A a one-step and b adsorption experiments
to P. fluorescens grown at 25 and 30°C where error bars indicate
standard deviations of three independent experiments, ¢ the outer
membrane protein profiles and d LPS of cells grown at 25 and 30°C,

Effect of Rotational Agitation at 30°C on Cell Length
and Phage Infection

Morphology of planktonic cultures grown at 30°C varying
the rotational agitation (0, 160, and 200 rpm) and the
efficacy of phage infection at these different conditions
were investigated. At 30°C, cells grown under static con-
ditions (0 rpm) continued to have typical rod morphology
(Fig. 3a) with a length of 2.04 pm. Under agitation, cell
length increased and varied greatly (see minimum and
maximum lengths in Table 1) but cell width remained
similar to that observed in rod cells. At the maximum speed
studied (200 rpm), the longest cell lengths observed was
29.2 um (Fig. 3b; Table 1). The growth rate (h™") of the
bacterium varied with the speed being approximately 2.6
times slower at O rpm than at 200 rpm (Table 1). Despite
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respectively. Precision Plus Protein All Blue standard (Bio-Rad) and
Protometrics (National Diagnostics) were the protein standards used
in the SDS-PAGE and LPS gels, respectively

the difference in the initial numbers of elongated cells
produced at 160 and 200 rpm, the infection using a MOI of
0.15 resulted in similar lysis profiles (Fig. 3d) and not in
statistically different cell density reductions (P > 0.05).
Also the increase of phage numbers at these two conditions
was similar (Fig. 3c). Phage infection at O rpm was sig-
nificantly different (P < 0.05) from infection under agi-
tated conditions, and overall was not efficient resulting in a
very low decrease of cell density (30%) (Table 1), and in a
low increase of phage titer (Fig. 3d).

Discussion

In previous studies, we have demonstrated that phage
killing efficacy of P. fluorescens cells is greatly dependent



S. Sillankorva et al.: Influence of P. fluorescens Cell Morphology

351

Fig. 3 Morphology and (o]
infection of P. fluorescens cells
grown at 30°C under varied
shake speeds. a Morphology of
cells grown at O rpm and 12
b 200 rpm, ¢ phage M-‘-ﬁ‘:m-ﬁmﬁm
concentration at different time 10 14 g 1
periods and d cell density of (g E-B-G-E"E'E"GWBI"
control samples and of samples e ol & a8
after phage infection of cells at E s ¥ i
. . po e |
different shake speeds using a el ﬁ,l.a‘
MOI of 0.15 e 6
4
L2 .
2 E
0 T T
0 100 200 300
Time (min)
: - 0 -e-ate--- 160 -eer--- 200
L :IUW"”""""""‘
X1,0800 l4mm
D  1.0&+10 1.0E+09
—
B & BE @ p B EEBE B 3 B
=] % ',_"...,
£ 1.0£+09 T T T ¢ @ ¥ ¢ ¢ ¢ ¢ @ |10m0 g
2 -
(s i * { ? LR i »
o K]
2 % F 4 a4 54642 2
T o
5 411 n,
-
3 ? :
@€  1.0E+08 * -10£:07 &
3 { {4 =
1.0E+07 T T T T 1.0E+06
0 50 100 150 200 250
Time(min)
0 <©0C W160 [O160C A 200 A 200C

on the bacterial growth conditions. We further noticed that
in biofilms this bacterium exhibits different morphologies
(rod and elongated) upon different growth conditions
which may affect the phage infection process. In order to
disclose the effect of cell size and morphology in phage
infection, two factors influencing P. fluorescens morphol-
ogy were used to trigger changes in the morphology and
physiology of planktonic cells which were further infected
with phages. This particular P. fluorescens strain becomes
filamentous at a growth temperature of 30°C but combined
with the existence of agitation, since under non-agitated

conditions at 30°C the cells maintain a rod shape. Rod-
shaped P. fluorescens cells were produced at temperatures
between 5 and 25°C and at 30°C under static conditions,
and their lengths varied between 1.5 and 3.8 um. The
length of filamentous cells varied between minimum and
maximum lengths of 4.2 and 29.2 pm. This filamentous
morphology is most likely due to a blocking of the cell
division process as described for Pseudomonas aeruginosa
and Escherichia coli [7, 12, 17, 23-26] resulting from one
or more proteins required in cell division which become
nonfunctional. Furthermore, several studies report that
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blocking of cell division does not affect cell growth
including parameters such as: growth rate, DNA replica-
tion, and chromosome segregation [6, 13, 18].

Overall, phage efficacy did not specifically depend on
the cell length since elongated cells were as efficiently
lysed as rod-shaped cells. Despite the similarities in phage
efficacy observed in optimally growing rod cells and
elongated cells, we analyzed the production of phages
inside these morphologically distinct cells. Phage one-step
growth curve results showed that elongated cells were
capable of producing three times more progeny phages
than rod hosts grown at the optimal temperature and with a
1.45-fold faster specific growth rate. Nevertheless, the
latency period and raise period were not influenced by cell
size. In addition, the adsorption rate of elongated cells was
only slightly higher than rod shape cells. In fact, Edgar
et al. [5] have suggested that phages have evolved mech-
anisms to utilize the asymmetry that is present in Gram-
negative by preferentially adsorbing, injecting, and
replicating their DNA at the bacterial poles and thus
morphology seems not to play a major role in the phage
infection process [5]. Distinct reports have associated
bacterial filamentation caused by exposure to antibiotics
with an increase in the burst size [4, 8, 10] and have
showed that the burst size increases in parallel with DNA
content but not with DNA concentration. According to the
authors of these studies, it is the cell size rather than
metabolic rate that influences the phage development in the
presence of antibiotics. Nevertheless, other authors suggest
that phage development depends in fact of the concentra-
tion of various resources (for example: intracellular levels
of genomic DNA, RNA polymerase, ribosomes, nucleoside
triphosphates, amino acids [3]) which are increased in cells
with greater volumes [27]. It was surprising to observe that
cells with up to 10 times longer lengths resulted only in
three, and not in 10, times more progeny phages released.
According to You et al. [27], a decrease in the gplOA
concentration of phage T7 can be responsible for a major
decrease in the procapsid assembly rate which conse-
quently leads to a reduced number of phages produced
inside of cells with large cell volumes. In a previous study
performed with P. fluorescens biofilms and with the same
phage used in this study, the phage proved to be highly
efficient under static conditions leading to approximately 3
log reduction up to 5 log reduction in the amount of viable
cells from biofilms of 24 h up to 5 days old biofilms after
4 h of infection, respectively [21, 22]. Thus we were
expecting to achieve the same levels of efficiency in
planktonic cultures, however, planktonic P. fluorescens
cells under static conditions (0 rpm) were unexpectedly
inefficient. Possibly, in static infection of planktonic cells,
the efficiency of collision between phages and their hosts is
reduced [9] compared to infection, under static conditions,
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of biofilms cells which are found in the proximity of
neighboring cells which enhances phage-host encounter.

As phages need to interact with molecules or structures,
such as LPS or proteins and flagella or capsules that exist
on the bacterial surface [16], so that infection can take
place, we analyzed the OMP and LPS profiles of P. fluo-
rescens grown of rod (25°C) and elongated cells (30°C),
and found no significant differences in number of bands.
Therefore, the phage receptors on the bacterial surface of
rods and elongated cells are most likely to be present since
otherwise the infection would have not taken place.

Phage ¢IBB-PF7A was efficient in killing both elon-
gated and rod-shaped cells, and clearly a change of mor-
phology is not, in this case, sufficient for the bacterium to
evade from lysis by this specific phage. This is a clearly
important fact in phage application to real environments
since there cells occasionally adopt other and more
uncommon morphologies.
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