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Enlargement of bacterial cells during bacteriophage replication has been observed in the past with T-
even, Lambda and N4 bacteriophages by the use of transmission electron microscopy (TEM) and light 
microscopy techniques and hypotheses explaining the enlargement of bacteriophage-infected cells 
have been postulated in literature. In this study, enlarged Escherichia coli cells were observed using 
scanning electron microscopy (SEM) after 45 min of a P4-like bacteriophage infection. These bacteria 
were also studied using scanning auger microscopy (SAM) in combination with an Argon-ion gun by 
which the bacteria were etched. Neither SEM nor SAM have been used during the analysis of 
bacteriophage infected enlarged host cells, making this study unique. The use of SAM on 
bacteriophage-related investigations is also novel. Small phage-like particles were observed inside the 
etched enlarged and etched normal bacteriophage-exposed host cells. The presence of bacteriophage-
like particles inside both types of cells confirmed that the enlarged cells, which were scarce in this 
sample, were not artifacts of some kind such as contamination by other microorganisms. The 
enlargement of bacteriophage infected host cells coincides with previous studies reported in literature, 
but never before with P4-like bacteriophages. 
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INTRODUCTION 
 
During the replication cycle of bacteriophages, endolysins 
are often produced together with the mature virions 
during the late replication phase to tear open the bacterial 
host cell wall for the release of the mature virions (Young 
et al., 2000). However, this is not always the case, as it 
has   been  reported   that  bacteriophage  infections  can 

sometimes lead to the enlargement of bacterial host cells 
(Freedman and Krisch, 1971). Continued inhibition of 
holin proteins in dsDNA phages could also potentially 
prevent endolysin activity (Young et al., 2000). A 
hypothesis described by Freedman and Krisch, (1971) 
explains     that   the    osmotic   equilibration,  during  the 
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penetration of the cell wall by bacteriophages, between 
the host cell and its environment could lead to the  uptake 
of water from the environment which leads to an increase 
in cell volume. They also postulated that the cell wall or 
cell membrane, or both, are continuously being 
synthesized after the host DNA and protein synthesis 
mechanisms are taken over by the bacteriophage for 
phage replication. The enlargement of bacterial host cells 
was only observed during infection with T-even phages 
and not during infections with T-odd phages (T1, T3 and 
T7) through light microscopy. Other bacteriophages were 
not investigated, so whether this phenomenon was only 
present in T-even phages was unknown at the time. 

Schito (1974) observed the enlargement of the host 
cells post infection with bacteriophage N4 through TEM 
analysis during a lysis-inhibited growth  stage  caused  by 
high host-cell density conditions. The enlarged cell 
contained densely packed N4 capsids. St-Pierre and 
Endy (2008) used green fluorescent protein expression to 
observe the production and release of lambda 
bacteriophage virions from Escherichia coli host cells, 
post infection. The E. coli cells gradually enlarged before 
they burst during the lytic life cycle of Lambda whereas 
during lysogeny, the cells continued dividing instead of 
bursting. To date, no known scanning electron 
microscopic research has been done to investigate this 
phenomenon. This study investigated the enlargement of 
E. coli cells during the replication cycle of an unstudied 
P4-like bacteriophage through scanning electron 
microscopy (SEM), transmission electron microscopy 
(TEM) and Nano Scanning Auger Microscopy 
(NanoSAM). 

Electron microscopy is a well-established method for 
investigations of yeasts, bacteria and bacteriophages 
(Ackermann, 2011; Jansen et al., 2013; Swart et al., 
2010a). Swart et al. (2010b) investigated the use of SAM 
technology for the study of sexual structures of various 
yeast species. This was the first recorded use of the SAM 
on biological samples as this equipment is normally used 
in the industry for non-biological purposes such as near-
surface semi-quantitative elemental analysis of small 
samples such as semi-conductors while being visualized 
by SEM (Calvo-Barrio et al., 2001). The Argon (Ar

+
) ion 

gun of the SAM has also been used to etch these 
materials including during the investigation of the sexual 
structures on yeasts (Swart et al., 2010b). Following 
Swart’s novel use of the NanoSAM on yeast, Jansen 
(2013) investigated the effect of quaternary ammonium 
compounds on Staphylococcus aureus through 
NanoSAM. In the present study, NanoSAM was used for 
the first time on bacteriophages and E. coli during the 
investigation of a P4-like coliphage infecting E. coli. 
 
 

MATERIALS AND METHODS 
 

Bacteriophage isolation 
 

An unknown bacteriophage was  isolated  from  sewage  effluent  at  

Vander Westhuizen et al.         383 
 
 
 
the waste water treatment plant outside Bloemfontein in South 
Africa. The plate agar overlay method was performed to isolate a 
bacteriophage which produced four millimeter diameter plaques on 
E. coli (Carolina culture collection #155065). 
 
 

Bacteriophage DNA isolation and polymerase chain reaction 
(PCR) 
 

Bacteriophage DNA was extracted using a Phage DNA Isolation Kit 
(Norgen Biotek Corp., Cat #46700). PCR was performed with 
primer pairs P4-cI-F (5’-GTCAATGGTAGCTCAGGCGGGGC-3’) 
and P4-cI-R (5’-TCCACCACCGGCAGACCGGC-3’). Cycling 
conditions included an initial denaturation step of 94°C for 2 min, 35 
cycles of 94°C for 30 s, 52

°
C for 45 s and 72°C for 30 s, followed by 

a final elongation step at 72°C for 2 min. Electrophoresis was 
performed at 4.5 V/cm on a 1% (w/v) agarose gel. Amplified bands 
were excised, purified and sent for sequencing at the University of 
the Free State. 
 
 

Negative staining of the bacteriophage for transmission 
electron microscopy (TEM) identification 
 

A four hour old  culture  of  E. coli  was  inoculated  with  the  above 
isolated bacteriophage, and was incubated at 37°C for 1 h. The 
sample was centrifuged and a droplet of the supernatant was 
placed on a carbon-coated formvar-layered copper grid. The grid 
was left to dry and then a droplet of a 6% (w/v) uranyl acetate 
solution was placed on the grid for 1 min before being removed 
through capillary action. The grid was then placed in a Philips 
CM100 TEM (Philips Electron Optics) for imaging. 
 
 

E. coli and bacteriophage preparation for scanning auger 
microscopy (SAM) 
 

A 9-ml overnight culture of E. coli in tryptic soy broth was inoculated 
with 1 ml of bacteriophage solution and incubated at room 
temperature, with aliquots taken at 40 and 50 min. The host-phage 
solution aliquots were fixed immediately, dehydrated and critical-
point-dried according to the methods used by Swart et al. (2010) 
except the final 100% ethanol dehydration was performed by 
filtering the solution onto a 0.45 µm nitrocellulose filter paper while 
being kept in 100% ethanol to prevent air drying. The sample was 
mounted onto a specimen stub, was coated with an approximate 50 
nm layer of gold and viewed on the SEM (Shimadzu SSX-550 
Superscan). A control sample was prepared the same as above 
except no bacteriophage solution was added to the host cells. 
 
 

Nano-scanning-auger electron microscopy (NanoSAM) 
 

The control and experimental samples that were examined with the 
SEM as described above were further examined using a PHI 700 
Nanoprobe equipped with SAM and SEM facilities. The settings 
were used as described by Swart et al. (2010) except a 2 by 2 mm 
raster area was used. The ion emission current was set at 15 mA. 
An alternating sputter mode with sputter intervals of 1 min and 
sputter time of 2 min was used without any rotation. 
 
 
E. coli and bacteriophage preparation for ultra-microtome 
sectioning and transmission electron microscopy (TEM) 
 

The same procedure was followed as described above in E. coli 
and bacteriophage preparation for SEM except acetone substituted 
the ethanol in all the steps and the procedure was followed up to 
where the samples were resuspended in 100% ethanol (in this case 
acetone). The acetone in the samples was then replaced  by  epoxy 
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Figure 1. TEM micrograph taken of the unknown bacteriophage 
during negative staining on a formvar carbon coated copper grid at 
130000x magnification. Arrow A indicates the suspected 
bacteriophage with an icosahedral capsid with a diameter of 
roughly 45 nm. Arrow B indicates the tail of the bacteriophage at 
least 66 nm in length. 
 
 
 

 
 
Figure 2. SEM micrograph of E. coli cells grown in the absence of 
bacteriophages. The cells are smooth and lack any signs of 
bacteriophages as expected. Some leaked cytoplasm is present in 
the top half of the image, possibly due to damage caused during 
the preparation of the cells for imaging 
 
 
 
in four stages. In the first stage, the sample was in a 1:1 ratio of 
acetone to epoxy for 2 h followed by a 1:2 acetone to epoxy ratio 
for 1 h and 100% epoxy for 8 h. In the final stage, 100% epoxy was 
substituted again and incubated for 8 h in a vacuum desiccator. 

The epoxy was then polymerized for 8 h at 70°C. The epoxy-
embedded sample was then sectioned (Leica EM UC7 
Ultramicrotome) into approximately 60 nm thin layers with a glass 
knife. The sections were collected and stained on a copper grid with 
6% uranyl acetate for 10 min and Reynolds’ lead citrate for 5 min 
(Reynolds, 1963). The grids were then placed in a CM100 TEM 
(Philips Electron Optics) for imaging. 

 
 
 
 
RESULTS 
 

PCR’s were performed on the isolated phage for the 
molecular identification of the phage (not shown). PCR 
established that the phage DNA contained a P4-like cI 
gene region. No significant similarity to other possible 
genes besides cI of bacteriophage P4 was found in the 
NCBI database using Basic Local Alignment Search Tool 
(BLAST) (Altschul et al., 1990). 
 
 

Transmission electron microscopy (TEM - negative 
staining) 
 

Further    characterization   of   the   bacteriophage    was 
performed with negative staining and TEM analysis. 
Figure 1 shows a micrograph taken during this 
procedure, showing an icosahedral non-elongated capsid 
(Arrow A) with a diameter of 45 nm. A tail is also visible 
(Arrow B) with a length of roughly 66 nm. 
 
 
Scanning electron microscopy (SEM) 
 

The images obtained with the SEM are shown in Figures 
2 and 3. Various small particles (Arrows A, B, C) were 
observed on the E. coli host cells which were exposed to 
bacteriophages (Figure 3) in comparison to the control 
sample (Figure 2) which lacked these particles. 

A few rare occurrences of enlarged cells were also 
observed (Figure 3B, C). These enlarged E. coli cells 
were smooth, wide and possessed some signs of cell 
wall tearing (Figure 3B, Arrow C; Figure 3C, Arrows D, E 
and F). Some small particles were also observed 
underneath the cell wall surface where tearing occurred 
in Figure 3B (Arrow D), similar in size to those found on 
the surfaces of the cells. The samples were further 
analyzed by use of a NanoSAM’s Argon-ion gun together 
with SEM to visualize the results. 
 
 
Scanning auger electron microscopy (NanoSAM) 
 
The SEM function of the NanoSAM was used to find 
similar enlarged cells on the sample used during normal 
SEM. The enlarged cells were then etched using the 
Argon (Ar

+
) ion gun of the SAM and images were taken 

with the SEM after various etching steps (Figure 4). 
During the etching of the cells, the outer layers of the 
cells (Figure 4A) were gradually removed as the duration 
of the Argon-ion etching continued. After ten minutes of 
etching, some small spherical structures (Figure 4B) 
became visible below the surface of the enlarged E. coli 
cell while the leaked cytoplasm, possibly due to some 
lytic activity of the host cells caused by bacteriophage 
replication, formed spherical and highly conductive 
masses next to the cells. Figure 4C shows a bit more 
detail of these small spherical structures visible 
underneath the cell surface. 
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Figure 3. A:SEM micrograph of E. coli cells grown in the presence of bacteriophages, 
40 min post-infection. Small dots are present on the E. coli cells (Arrows A, B and C). 
B: Two enlarged E. coli cells are present among normal sized E. coli, with dots on all of 
the cells as seen in Figure 3A. Cell wall tearing is visible on cell B (Arrow C), exposing 
more similar sized dots inside of the enlarged cell (Arrow D). C: SEM micrograph of E. 
coli cells grown in the presence of bacteriophages, 50 min post-infection. Cell wall 
tearing is visible on the enlarged cells A, B and C (Arrows D, E, F). 

 
 
 

 
 
Figure 4. A: Micrograph taken before any etching was performed. Two enlarged cells (A, 
B) are present and are covered in cytoplasm (Arrow C). In the background, nitrocellulose 
filter paper is present on which the cells were placed for imaging. B: Micrograph taken 
after ten minutes of the SAM's Argon ion etching. All of the cytoplasm had been removed 
from the cell surfaces, and appeared to have formed spherical structures with very high 
conductivity due to the high amounts of gold present. Small structures were present on 
the cells' exposed surfaces (Arrows A, B) with sizes between 40 and 60 nm. A third cell 
(Arrow C) was now also visible in the field of view as the original two cells moved 
downwards on the sample holder during etching. C: A micrograph taken with increased 
magnification on the small structures on the cell surface (Arrows A, B) with estimated 
diameters of 45 nm. 
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Figure 5. A: SEM Micrograph before using the ion gun of the SAM on normal-sized E. coli cells that were present 
on the same sample holder as in Figure 4. Arrow A indicates a protuberance of around 45 nm in diameter. B: 
SEM micrograph after 3 min of etching on bacteriophage infected cells. Small structures are visible (Arrows A, B) 
with estimated diameters of around 45 to 50 nm. 

 
 
 

Argon etching was also performed on the non-enlarged 
phage-infected cells (Figure 5A) for comparison. Three 
minutes of etching (Figure 5B) was sufficient to open up 
the normal-sized cells in comparison to the 10 min with 
the enlarged cells (Figure 4), which displayed minimal 
damage. Small blebs were also observed inside the 
normal-sized phage-exposed cells. The small blebs 
inside the host cells were further investigated through 
TEM of sectioned epoxy-embedded samples. 
 
 
Transmission electron microscopy (TEM - 
Sectioning) 
 
Figure 6 shows bacteriophage capsids released from 
what appears to be leaked cytoplasm, along with 
bacteriophages attached to some E. coli host cell. The 
capsid diameters ranged from 40 nm to 50 nm for this 
bacteriophage. The tails were not clearly visible due to 
obstructions from the host E. coli cell walls and the tails 
possibly having broken off the free virus particles during 
sample preparation. A phage-like structure can also be 
observed in an infected host-cell (Arrow A). 
 
 
DISCUSSION 
 
The unidentified bacteriophage observed during electron 
microscopic analysis possessed a capsid diameter of 
roughly 45 nm. TEM revealed a tail of approximately 66 
nm   in  length  during  normal  negative  staining  but  not 
during the negative staining of sections. It is possible that 
the free phages observed during sectioning were 
released prematurely and lacked the appropriate tails, 
and that the tails of those adhered to the host cells were 
obstructed by the cell wall. 

PCR  indicated  that  an  approximately  300  bp   P4  cI 

sequence is present in the DNA of the bacteriophage. It 
is therefore likely that a P4-like phage was used during 
this study, as bacteriophage P4 has a 45 nm capsid 
diameter and its cI is consistent with that of P4, although 
it is known that P4 possesses a tail which is 135 nm in 
length (Abedon, 2005). The shorter tails could be an 
artifact of the preparation methods used, damage during 
preparation or this particular phage has a shorter than 
normal tail. It was further assumed that the phage is P4-
like in nature based on these observed characteristics. 

The small particles observed during the SEM analysis 
were suspected P4-like bacteriophages which adhered to 
the host cells during the adsorption stage of 
bacteriophage replication, as observed through TEM. 
Unfortunately the complete structure of the bacteriophage 
is not visible due to the resolving power limitations of the 
SEM. 

The enlarged cells were an unexpected discovery, and 
correlate to the observations made in previous studies 
which observed host cell enlargement post bacteriophage 
infection (Freedman and Krisch, 1971; Schito, 1974; St-
Pierre and Endy, 2008). However, Freedman and Krisch 
(1971) hypothesized that the enlarged state of the cells 
could be a product of water-influx into the cells during 
bacteriophage infection, but during this study the 
occurrence of the enlarged cells were quite scarce. This 
study is the first of its kind to observe the enlargement of 
host cells during bacteriophage infection through SEM 
techniques. The SEM shows cell wall tearing occurring 
possibly due to the pressure inside the cells, which other 
techniques failed to observe in previous studies, as SEM 
has a major advantage for making such observations 
over TEM and light microscopy (Freedman and Krisch, 
1971; Schito, 1974; St-Pierre and Endy, 2008). The 
possible presence of bacteriophage particles underneath 
the cell wall surface lead to further analysis with the 
NanoSAM, as the enlarged cells could  be  an  artifact   of

  



 

 
 
 
 

 
 
Figure 6. TEM micrograph (captured at 64000x magnification) 
shows bacteriophages adhered to E. coli cells as well as 
unbound phages in the environment around the cells released 
from leaked cytoplasm. A phage-shaped object in the cytoplasm 
of the cell is indicated by Arrow A. 

 
 
 

some kind due to its scarcity, but finding bacteriophages 
inside the cells could disprove this. It must be noted that 
NanoSAM is a technique that has not previously been 
performed on E. coli or bacteriophages. Also, the 
enlargement of bacterial cells after bacteriophage 
infection by a P4-like phage has also not been reported 
to date in literature. 

The NanoSAM’s SEM revealed particles inside the host 
cells after being etched by the SAM’s ion gun. These 
particles were of a similar shape and size as observed by 
SEM (Figure 3A) and TEM (Figures 1, 6) and it is 
postulated that these are bacteriophages. This 
observation was made on both the normal (Figure 5B) 
and enlarged cells (Figure 4B); however the enlarged 
cells were much more resistant to the effects of the 
Argon-ion etching than the normal-sized cells. The 
reason for this resistance is unknown, but it can be 
speculated that some morphological change in the 
phage-infected enlarged cells could make the cells 
denser, for instance a higher protein content inside the 
cells caused by bacteriophage replication or the 
continued cell wall synthesis lead to a sturdier cell wall 
structure, and therefore more resistant to the etching. 

No enlarged cells were observed during TEM analysis, 
but as mentioned, the occurrence of the enlarged cells 
was rare in these samples even with SEM examination, 
explaining their absence during TEM sectioning analysis. 
 
 

Conclusions 
 

The observed enlargement of the E. coli cells post 
infection by a P4-like bacteriophage is the first SEM study 
reported   in   literature,   and   by  the  use  of  NanoSAM 
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technology, a difference between normal-sized infected 
cells and the enlarged cells could be observed, which 
would not have been possible by conventional SEM and 
TEM techniques. This study also showed that the rare 
enlarged cells were most likely not artifacts, due to the 
presence of the P4-like bacteriophages inside these cells 
as well as in the normal sized cells. Future research 
would include a more in-depth look at the mechanisms 
involved in the enlargement of E. coli cells post P4-like 
bacteriophage infection and also further studies into the 
P4-like phage used in this study, as shorter tails were 
observed during electron microscopic analysis of this 
phage. 
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