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	The Gram-positive bacterium Staphylococcus aureus is an important human pathogen that causes a variety of opportunistic infections.  Many of the sources of infection are sites in the food supply chain,  and infections due to strains of S. aureus that are methicillin- or vancomycin- resistant can be particularly severe.  One important aspect of food preservation is drying because the removal of water can limit bacterial growth.  However, S. aureus has the ability to survive desiccation, and while some of the genes involved in desiccation tolerance have been identified, many have not.  To search for additional genes that might contribute to the virulence of S. aureus in this way, Wang et al. used transposon mutagenesis to inactivate random genes in this microorganism.  Transposons are mobile genetic elements that can move between DNA molecules and often carry genes for antibiotic resistance.  They used a fragment of Tn551 carrying a gene for erythromycin resistance.  This is shown in the next figure.  Insertion of this DNA sequence into an existing gene would disrupt it and make the host organism resistant to this antibiotic.
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1.	Why is water so essential to the survival of an living organism?

	a.	Water is the only source of the elements hydrogen and oxygen.
	b.	Water commonly is used as an electron donor for metabolic processes.
c.	Cells are about 70% water and cellular biochemicals and structures are dissolved in water.
d.	Cells can actively transport water across the cell membrane.

	To carry out transposon mutagenesis, Wang et al. introduced a plasmid called pBTn into a wild type strain of S. aureus called RMSA24 by electroporation.  This plasmid carried a copy of Tn551 and had additional gene causing resistance to the antibiotic chloramphenicol.  The bacteria were grown at 30oC into stationary phase in a rich medium called tryptic soy broth containing both erythromycin and chloramphenicol.  They were then diluted into fresh medium containing only erythromycin and incubated at 42oC to cause loss of the plasmid.  Colonies were recovered on agar plates containing erythromycin and stored as glycerol stocks at -80oC.  




2.	What is the simplest definition of a plasmid?

a.	It is a small circular DNA that can be maintained in the cytoplasm of a host cell and contribute to its phenotype.
b.	It is a long linear DNA that can be maintained in the cytoplasm of a host cell by recombination with the main chromosome.
c.	It is a small circular RNA that can be maintained in the cytoplasm of a host cell and contribute to its phenotype.
d.	It is a large protein that can contribute to the phenotype of a host cell.

	To recover strains that might be more sensitive to desiccation, Wang et al. subjected the erythromycin-resistant isolates to three rounds of treatment.  Overnight cultures were diluted into 3 ml of fresh broth to give an OD600 of about 0.05 and incubated at 37oC until the OD600 reached 1.0.  50 µl samples were then transferred to 48 well plastic tissue culture plates and dried at 37oC for four days.  The viable cell count was then determined and those mutants with lower viable counts than the parent strain were identified.  These mutants were then subjected to two more rounds of dessication treatment.  The bacteria with significantly lower rates of survival were then characterized further.

3.	What would you expect to see in the wells of the plastic tissue culture plates after 4 days?

	a.	a thick layer of bacterial culture
	b.	a thin film of medium containing live bacteria
	c.	a thin film of medium containing both live and dead bacteria
	d.	a concentrated mass of dead bacteria

	In this experiment, Wang et al. initially found 3154 mutants that were erythomycin resistant.  After the first round of desiccation screening, this number was reduced to 232 and after the second and third rounds, the number was reduced to 18.  Of these, 8 mutants with insertions at different sites were identifed by PCR analysis and sequencing.  All of these mutants showed a greater sensitivity to desiccation than the parent strain. The genes in these are listed in the following table.
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4.	What conclusion can you draw from these data?

	a.	A very large number of genes is involved in desiccation sensitivity.
b.	A small number of genes with similar functions is involved in desiccation sensitivity.
c.	A small number of genes with different functions is involved in desiccation sensitivity.
d.	There is no genetic basis to desiccation sensitivity or tolerance.

	To characterize these mutants, the parent strain and the mutants were subject to desiccation treatment.  The results are shown in the next figure.
[image: Text, letter

Description automatically generated]
5.	What do these results indicate?

a.	The survival of the mutants before the treatment was significantly lower than the parent strain.
[bookmark: _Hlk126918813]b.	The survival of the mutants after the treatment was significantly lower than the parent strain.
c.	The survival of the mutants after the treatment was significantly highte than the parent strain.
d.	The survival of all of the mutants after the treatment was the same.

	The genome of S. aureus has been completely sequenced.  The following figure shows the positions of the new mutants in this genome.
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6.	These results indicate that:

[bookmark: _Hlk126919340]a.	the genes for desiccation sensitiivity lie near one another but do not form an operon.
b.	the genes for desiccation sensitiivity lie near one another and form an operon.
c.	the genes for desiccation sensitiivity are distributed around the genome but adjacent to known genes.
d.	the genes for desiccation sensitiivity are distributed randomly in the genome.

	To determine if the transposon mutants affects the growth of the bacteria, the parent strain and the mutants were grown in tryptic soy broth at 37oC for 24 hours.  The results are shown in the next figure.
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7.	These results show that:

	a.	the mutants all grow slower than the parent strain.
	b.	the mutants vary but all grow slower than the parent strain/
	c.	the mutants vary but all grow faster than the parent strain.
	d.	the mutants do not differ from the parent strain.

	Desiccation tolerance has sometimes been found to be related to the ability of the bacteria to form biofilms.  Wang et al. tested for biofilm formation inoculating the wells of microtiter plates with the bacteria, incubating them for 24 hours, and then staining the adherent bacteria with crystal violet.  The results are shown in the next figure.
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8.	These results indicated that:

	a.	the mutants all formed more biofilm than the parent strain.
	b.	the mutants all formed less biofilm than the parent strain.
	c.	only mutant M2130 formed more biofilm than the parent strain.
	d.	only mutant M2130 formed less biofilm than the parent strain.

	Finally, Wang et al. measured the levels of transcription of the genes in the mutant strains when the bacteria were not stress by desiccation and when they were stressed.  The results are shown in the next figure.
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	These results indicate that:

	a.	all of the genes increase in expression during desiccation.
	b.	all of the genes decrease in expression during desiccation.
c.	the genes NLG45_11580, NLG45_06760, and NLG45_10515 all increase in expression during desiccation.
d.	the genes NLG45_01240, NLG45_12715, and NLG45_104065 all increase in expression during desiccation.
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Fig. 6. Comparative measurement of the transcriptional level of relevant
mutant genes of RMSA24 with or without desiccation stress. * represents P <
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cant difference).

Fig. 5. The formation of S. aureus RMSA24 and its mutants biofilm detected by scanning electron microscopy.
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3. Results

3.1. Discovery of mutants with significantly decreased tolerance to
desiccation stress

Based on the principle of transposon insertion mutation, a total of
3,154 mutants with genomes inserted with the erythromycin resistance
gene were obtained. Two rounds of screening were performed to screen
for mutants with sensitivity or tolerance to desiccation. In the first round
of screening, 232 mutants that may be sensitive to desiccation were
screened out from 3,154 transposon insertion mutants by microplate
assay method under desiccation stress. In the second and third round of
screening, 18 mutants with sensitivity to desiccation were screened out
from 232 mutants by counting the CFUs before and after desiccation
treatment and calculating the survival rate. Subsequently, the mutation
sites of the 18 mutant strains were identified by random primers PCR
and Sanger sequencing. After excluding the mutants with repeated
mutation sites, 8 mutants with different mutation sites were finally
selected for the following experiments. As shown in Fig. 1, the survival
rates of the eight mutants were significantly reduced compared with that
of the WT strain RMSA24 after 4 days of desiccation treatment and were
decreased by 2.67-(M 1334), 5.47-(M 2377), 11.75-(M 2233), 9.30-(M
2302), 3.16-(M 2040), 6.61-(M 1640), 2.32—(M 1870), and 60.21-(M
2130) times, respectively.

3.2. Identification of mutation sites

The genome sequence of S. aureus RMSA24 used to construct the
mutation library has been uploaded to the NCBI (GenBank accession
number: CP100428) and the genome has been annotated. As listed in
Table 3, the eight different mutating sites were successfully identified by
arbitrary PCR (the detailed Sanger sequencing results were shown in
Supplementary S2) and were annotated as the genes of U32 family
peptidase (NLG45.01240, M 1334), CHAP domain-containing protein
(NLG45_11885, M 2377), YdcF family protein (NLG45_11580, M 2233),
RNA polymerase sigma factor (NLG45_06760, M 2302), EVE domain-
containing protein (NLG45.12715, M 2040), acetyltransferase
(NLG45.10515, M 1640), LPXTG-anchored DUF1542 repeat protein
FmtB (fmtB, M 1870), and CvpA family protein (NLG45.04065, M 2130).
We can see that seven of the eight mutating sites lack gene names in the
RMSA24 strain genome information and just one mutating site is an-
notated as fmtB gene (mutant 1870). The locations of these genes in the
genome of strain RMSA24 are shown in ¥ig. 2 and the eight transposon-
targeted genes are randomly distributed in the genome. Noticeably, no
studies have reported that these eight mutant genes are related to the
desiccation stress tolerance of S. aureus.

3.3. Effect of the mutant gene on the growth of strain RMSA24

To determine whether these mutant genes affect the growth
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Table 3
Identified transposon insertion sites.

Mutant Gene name/ Length of Predicted protein function

strains ID gene (bp)

M 1334 NLG45.01240 924 U32 family peptidase

M 2377 NLG45.11885 804 CHAP domain-containing protein

M 2233 NLG45.11580 969 YdcF family protein

M 2302 NLG45.06760 570 RNA polymerase sigma factor

M 2040 NLG45.12715 1374 EVE domain-containing protein

M 1640 NLG45.10515 1812 acetyltransferase

M 1870 fmtB 7422 LPXTG-anchored DUF1542
repeat protein FmtB

M 2130 NLG45.04065 522 CvpA family protein

characteristics of strain RMSA24, the growth curves of WT and mutants
were determined. As shown in Fig. 3A, all mutants showed the same
growth trend compared to the WT strain within 24-h, and there was no
significant difference in CFUs between WT and mutants strains in the lag
phase, exponential and stationary phase of growth curve (¥ig. 3B-E).
These data indicated that the reduced survival rate of mutants under
desiccation stress is not caused by the inhibition of their growth rates.

3.4. Biofilm formation ability of mutant strains

To examine the influence of the eight genes on the biofilm formation
abilities of the S. aureus RMSA24 isolates, we performed a crystal violet
staining (CVS) assay to measure biofilm formation of RMSA24 and the
eight mutants in a 96-well plate. The results showed that the amount of
biofilm mass formed by mutant M 2130 at the bottom of the wells was
visually increased compared with that of WT, and other mutants showed
no significant difference (Fig. 4A). The biofilm was further quantified
using a MicroELISA Autoreader, and the results are shown in Fig. 4B.

Additionally, SEM experiments were performed to further explore
the biofilm formation ability of these 8 mutants. As shown in Fig. 5, the
cells of RMSA24 and seven mutants (M 1334, M 2377, M 2233, M 2302,
M 2040, M 1640, and M 1870) showed sparse biofilm structure and
loose intercellular adhesion. However, the amount of biofilm mass
formed by mutant M 2130 was obviously increased, and the cells clus-
tered together forming a thick membrane structure with a relatively
tight structure. Therefore, these data suggested that the reduced survival
rate of the eight mutants under desiccation stress was biofilm-
independent.

3.5. Detection of gene transcription levels under desiccation stress

To evaluate the changes in transcription levels of the eight identified
genes under desiccation stress, RT-qPCR experiments were conducted to
detect the transcriptional levels of these genes of strain RMSA24 with or
without desiccation treatment. Results showed that the transcript levels
of NLG45.11580, NLG45.06760, and NLG4510515 genes were
increased 4.71-, 6.67- and 4.60-fold, and NLG45 01240, NLG45 12715,
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Fig. 1. Effects of desiccation stress for 4 days on the survival rate of S. aureus RMSA24 and its mutants. (A) Colony-forming unit statistics of S. aureus RMSA24 and its
mutants before desiccation treatment. (B) Colony-forming unit statistics of S. aureus RMSA24 and its mutants after desiccation treatment. (C) Survival rate of S. aureus
RMSA24 and its mutants before and after desiccation treatment. * represents P < 0.05; ** represents P < 0.01.
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Table 3

Identified transposon insertion sites.
Mutant Gene name/ Length of Predicted protein function
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characteristics of strain RMSA24, the growth curves of WT and mutants
were determined. As shown in Fig. 3A, all mutants showed the same
growth trend compared to the WT strain within 24-h, and there was no
significant difference in CFUs between WT and mutants strains in the lag
phase, exponential and stationary phase of growth curve (Fig. 3B-E).
These data indicated that the reduced survival rate of mutants under
desiccation stress is not caused by the inhibition of their growth rates.

3.4. Biofilm formation ability of mutant strains

To examine the influence of the eight genes on the biofilm formation
abilities of the S. aureus RMSA24 isolates, we performed a crystal violet
staining (CVS) assay to measure biofilm formation of RMSA24 and the
eight mutants in a 96-well plate. The results showed that the amount of
biofilm mass formed by mutant M 2130 at the bottom of the wells was
visually increased compared with that of WT, and other mutants showed
no significant difference (Fig. 4A). The biofilm was further quantified
using a MicroELISA Autoreader, and the results are shown in Fig. 4B.

Additionally, SEM experiments were performed to further explore
the biofilm formation ability of these 8 mutants. As shown in Fig. 5, the
cells of RMSA24 and seven mutants (M 1334, M 2377, M 2233, M 2302,
M 2040, M 1640, and M 1870) showed sparse biofilm structure and
loose intercellular adhesion. However, the amount of biofilm mass
formed by mutant M 2130 was obviously increased, and the cells clus-
tered together forming a thick membrane structure with a relatively
tight structure. Therefore, these data suggested that the reduced survival
rate of the eight mutants under desiccation stress was biofilm-
independent.

3.5. Detection of gene transcription levels under desiccation stress

To evaluate the changes in transcription levels of the eight identified
genes under desiccation stress, RT-qPCR experiments were conducted to
detect the transcriptional levels of these genes of strain RMSA24 with or
without desiccation treatment. Results showed that the transcript levels
of NLG45.11580, NLG45.06760, and NLG4510515 genes were
increased 4.71-, 6.67- and 4.60-fold, and NLG45 01240, NLG45_12715,
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Fig. 1. Effects of desiccation stress for 4 days on the survival rate of S. aureus RMSA24 and its mutants. (A) Colony-forming unit statistics of S. aureus RMSA24 and its
mutants before desiccation treatment. (B) Colony-forming unit statistics of S. aureus RMSA24 and its mutants after desiccation treatment. (C) Survival rate of S. aureus
RMSA24 and its mutants before and after desiccation treatment. * represents P < 0.05; ** represents P < 0.01.
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fmtB, and NLG45.04065 genes were decreased 2.33-, 1.40-, 3.25- and
1.61-fold in desiccation-treated strain compared with those in the non-
desiccated treated strain (Fig. 6). In addition, no significant differ-
ences were detected in the transcript levels of the NLG45.01240 gene
between desiccation-treated strain and non-desiccated treated strain.

4. Discussion
The capacities of pathogens to adapt and overcome desiccation stress

contribute to their persistence in food and food processing environ-
ments, increasing the risk of their dissemination to humans through the

Fig.' 3. Growth analysis of S. aureus
RMSA24 and its mutants in TSB broth.
(A) Growth curves of RMSA24 and its
mutants cultured in TSB broth for 24 h.
(B) Colony forming unit statistics of
RMSA24 and its mutants cultured in TSB
broth for 2 h (lag phase). (C) Colony
forming unit statistics of RMSA24 and its
mutants cultured in TSB broth for 6 h
(exponential phase). (D) Colony forming
unit statistics of RMSA24 and its mu-
tants cultured in TSB broth for 10 h
(exponential phase). (E) Colony forming
unit statistics of RMSA24 and its mu-
tants cultured in TSB broth for 24 h
(stationary phase).

food chain. The uptake or synthesis of sugars, free amino acids, polyols,
quaternary amines, sulfates or inositol phosphate are common bacterial
responses to desiccation stress (Anderson, Ferreras, Trindade, & Cowan,
2015). For instance, one previous study showed that Cyanobacteria and
Escherichia coli can increase their resistance to desiccation by accumu-
lating trehalose (Esbelin et al., 2018). The attached bacterial cells are
embedded in the extracellular polymeric substances containing poly-
saccharides, proteins, and nucleic acids, which increases the resistance
to desiccation stress. Besides, SigB is a stress-responsive transcription
factor that plays a protective role in desiccation tolerance of pathogens
bacteria (such as S. aureus, Listeria monocytogenes, and Bacillus subtilis)
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food chain. The uptake or synthesis of sugars, free amino acids, polyols,
quaternary amines, sulfates or inositol phosphate are common bacterial
responses to desiccation stress (Anderson, Ferreras, Trindade, & Cowan,
2015). For instance, one previous study showed that Cyanobacteria and
Escherichia coli can increase their resistance to desiccation by accumu-
lating trehalose (Esbelin et al., 2018). The attached bacterial cells are
embedded in the extracellular polymeric substances containing poly-
saccharides, proteins, and nucleic acids, which increases the resistance
to desiccation stress. Besides, SigB is a stress-responsive transcription
factor that plays a protective role in desiccation tolerance of pathogens
bacteria (such as S. aureus, Listeria monocytogenes, and Bacillus subtilis)
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The Gram


-


positive bacterium 


Staphylococcus aureus


 


is an important human pathogen 


that causes a variety of opportunistic infections.  Many of the sources of infection 


are


 


sites in the 


food supply chain,  and


 


infections due to stra


ins of 


S. aureus


 


that are methicillin


-


 


or


 


vancomycin


-


 


resistant can be particularly severe.  One


 


important


 


aspect of 


food preservation is drying because 


the removal of water can limit bacterial growth.  However, 


S. aureus


 


has the ability to survive 


desicca


tion, and while some of the genes involved in desiccation tolerance have been identified, 


many have not.  To search for additional genes that might contribute to the virulence of 


S. aureus


 


in this way, Wang et al. used transposon mutagenesis to inactivate 


random genes in this 


microorganism.  Transposons are mobile genetic elements that can move between DNA 


molecules and often carry genes for antibiotic resistance.  They used a fragment of 


Tn


551 


carrying a gene for erythromycin resistance.  This is shown in 


the next figure.


  


Insertion of this 


DNA sequence into an existing gene would disrupt it and make the host organism resistant to this 


antibiotic.


 


 


 


 


1.


 


Why is water so essential to the survival of an living organism?


 


 


 


a.


 


Water is 


the only


 


source of the el


ements hydrogen and oxygen.


 


 


b.


 


Water commonly is used as an electron donor for metabolic processes.


 


c.


 


Cells are about 70% water and cellular biochemicals and structures are dissolved 


in water.


 


d.


 


Cell


s can


 


actively transport water across the cell membran


e.


 


 


 


To carry out transposon mutagenesis, Wang et al. introduced a plasmid called pBTn into 


a wild type strain of 


S. aureus


 


called RMSA24 by electroporation.  


This plasmid carried a copy 


of Tn551 and had additional gene causing resistance to the antibiotic


 


chloramphenicol.  The 


bacteria were grown at 30


o


C into stationary phase in a rich medium


 


called tryptic soy broth


 


containing both erythromycin and chloramphenicol.  They were then diluted into fresh medium 


containing only erythromycin and incubated at 42


o


C to cause loss of the plasmid.  Colonies were 


recovered on agar plates containing erythromycin and stored as glyc


erol stocks at 


-


80


o


C.  
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