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Composition; 
structure

Lipids; segmented Proteins; helical Multiprotein complex; tubular

Length 1–40 μm 1–2 μm 0.8–2 μm

Width 30–130 nm; commonly 40–70 nm 6–11 nm; lumen diameter ~3 nm 8–10 nm; lumen diameter ~2.5 nm

Materials 
transferred

Antibiotic resistance factors, 
metabolites, toxins

Plasmids Injectisomes for the transfer of 
virulence proteins; flagella for motility

Proteins involved 
in formation

CORE complex (same proteins as 
the flagellar base) and hydrolases 
that help make a hole in the cell wall

“Transfer” (Tra) class of proteins 
such as pilin, TraL, and TraF

The injectisome complex has 
various proteins such as secretin, 
stalk protein, and needle filament; 
the flagellar apparatus has its own 
set of dedicated proteins that form 
the base, stalk, and tip.

Bacterial Nanotubes Conjugative Pili
Type 3 Secretion Systems, e.g., 
Injectisomes and Flagella

WHAT ARE BACTERIAL NANOTUBES? 
Unlike cellular appendages such as the pili used for mating, injectisomes that transfer virulence proteins, and flagella that power 
swimming in many microbes, bacterial nanotubes are made solely of lipids and can connect the cytoplasm of different microbial species.

tures connecting Clostridium acetobutylicum, a Gram-positive 
bacterium, and Desulfovibrio vulgaris, which is Gram-negative.8 
The contact between cells, which they observed using scanning 
electron microscopy (SEM) and other techniques, appeared to 
allow the cells to exchange molecules in order to survive harsh 
growth conditions, such as a shortage of nutrients.

More recently, in mid-2020, Jinju Chen’s group at Newcastle 
University documented the presence of nanotubes in Pseudomonas 
aeruginosa, a common, biofilm-forming pathogen found in hospi-
tals. Faced with nanopillars—tiny spikes that are often used to make 
medical devices with surfaces that can deter the formation of harm-
ful biofilms—the bacteria aligned themselves between the pillars 
and used nanotubes to connect different cells.9 By using strains that 
were incapable of forming other contact-enabling structures such 
as pili, the group confirmed that the connecting structures they saw 

were indeed nanotubes. They concluded that the nanotubes might 
be making it easier for the bacteria to communicate, possibly pro-
moting the cells’ ability to form biofilms in hostile environments.

With so many labs having observed bacterial nanotubes under 
different conditions and in actively growing cells, Pospíšil was 
not anticipating that he would have any trouble doing the same.

Elusive structures
When Pospíšil first set out to visualize bacterial nanotubes, he 
immediately noticed that the structures occurred at a much 
lower frequency than had been reported by Ben-Yehuda’s lab. 
“The greatest challenge to study nanotubes was actually to be 
able to detect nanotubes,” says Libor Krásný, Pospíšil’s advisor at 
the Czech Academy of Sciences in Prague. In fact, the researchers 
only found one nanotube for every 500 or so cells they scanned. 

“We [saw] something which looks like nanotubes, but in 
very, very low frequencies,” says Oldřich Benada, head of the EM 
group in the Institute of Microbiology of the Czech Academy. “And 
we had to scan a lot of frames to find some of those structures.” 
Benada says he grew skeptical that nanotubes existed at all.

A couple of years into their exploration of nanotubes, Krásný 
met Ben-Yehuda at a conference and discussed his group’s diffi-
culties observing the structures. Ben-Yehuda later provided them 
with the same bacterial strains and protocols her lab had used, 

but the Czech group remained unable to see the nanotubes. The 
researchers also tried and failed to reproduce some of the mate-
rial transfer experiments that Ben-Yehuda’s lab had performed. 

That was when Pospíšil and his Slovak Academy of Sciences 
collaborator Barák started applying pressure to their coverslips 
and inadvertently discovered that this made the bacteria pro-
duce lots of nanotubes.4 They immediately started testing vary-
ing amounts of pressure to see what could most reliably make the 
cells produce nanotubes. They found that applying about 80 kilo-
pascals, which they achieved by placing a 2.5-kilogram weight on 
the coverslip for 10 seconds, almost immediately resulted in sev-
eral nanotubes extending from each cell. 

When Pospíšil used a marker called SYTOX Green, which only 
stains dead or dying cells, he saw that nanotubes were exclusively 
produced by green cells. This told him that the pressure was killing 
the cells, which produced nanotubes as a result. Even though press-
ing down on the coverslip is a common practice, Barák says he thinks 
that pressure-induced nanotubes have never been reported before 
because people tend to ignore dead cells. He adds that in decades of 
using dyes that stain cell membranes and pressing on coverslips, “I 
didn’t ever see nanotubes . . . because I didn’t concentrate on them.” 
Now, he knows that if he carefully fixes the cells and uses a good 
microscope, he will likely see nanotubes all over the place.

When the group published its work in December 2020, Barák 
says, the response from the scientific community was largely posi-
tive. The paper was shared widely on Twitter, drawing comments 
from a few scientists who questioned whether the nanotubes were 
indeed real structures. 

Alex Merz, a biochemist at the University of Washington, 
has been a vocal critic of some of the papers from Ben-Yehuda’s  
lab, especially the recent one detailing the involvement of 
the CORE complex and showing that nanotubes can connect 
Gram-positive and Gram-negative bacteria.7 These two sets 
of bacteria have very different cell envelopes—Gram-positive 
bacteria have a single lipid membrane covered by a tough pep-
tidoglycan cell wall, whereas Gram-negative bacteria have an 
additional lipid membrane outside of a thinner cell wall. When 
a nanotube extends from a Gram-positive bacterium toward a 
Gram-negative bacterium, does it interact only with the outer 
membrane of the Gram-negative recipient, or does it actively 
engage with the inner membrane of the recipient cell? Merz 
says he believes that answering these questions is vital to fig-
uring out whether bacterial nanotubes are indeed functional 
structures or artifacts. He calls for the use of higher-resolution 
microscopy techniques, which have not been used in the recent 
papers, that would allow one to closely observe how the nano-
tubes interface with the two types of bacterial cell envelopes. 
“I need to see more to be persuaded,” he says. 

Erin Goley, a biological chemist at Johns Hopkins Univer-
sity School of Medicine, echoes Merz’s concerns. “I am skeptical 
of them being real, functional structures,” she says. Aside from 
how the nanotube membrane is organized, she is puzzled by the 
seemingly generalist nature of nanotubes. Moreover, as nearly 

We realized that probably this 
is the end of this nice story of 
different functional nanotubes.
 —Imrich Barák, Slovak Academy of Sciences

every contact-dependent system seen so far has its own tightly 
regulated machinery, Goley finds it strange that nanotubes seem 
to lack a master regulator. Like Merz, she is interested in seeing 
high-quality cross-sectional images of the nanotubes, particularly 
at the points where they contact the bacterial cells. The kinds of 
techniques both Goley and Merz recommend will let scientists 
eliminate traditional sample preparation artifacts and preserve 

cells in their native states, which would help “show you actually 
what’s going on with the membranes . . . who’s contacting what 
and which membranes are contiguous with which,” says Goley. 

Kost says he thinks that the pressure-induced nanotubes seen 
by the Czech group might reflect the self-organization of lipids 
once they burst out of dead cells, similar to an older study showing  
that protocells, self-organizing lipid vesicles capable of interacting  
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