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1  | INTRODUC TION

Antimicrobial resistance is one of the biggest challenges facing 
global public health (WHO, 2020). To preserve the effectiveness 
of antibiotics and to treat infections caused by resistant bacteria, 

alternative approaches are required that can be used instead of 
antibiotics or after they have failed. One possible alternative cur-
rently being investigated for some applications is honey (Descottes, 
2009; Knipping et al., 2012; Vandamme et al., 2013). Produced by 
the honey bee, Apis mellifera, honey has a long history in human 
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ABSTRACT
With rising antibiotic resistance, alternative treatments for communicable diseases 
are increasingly relevant. One possible alternative for some types of infections is 
honey, used in wound care since before 2000 BCE and more recently in licensed, 
medical-grade products. However, it is unclear whether medical application of honey 
results in the evolution of bacterial honey resistance and whether this has collateral 
effects on other bacterial traits such as antibiotic resistance. Here, we used single-
step screening assays and serial transfer at increasing concentrations to isolate 
honey-resistant mutants of Escherichia coli. We only detected bacteria with consist-
ently increased resistance to the honey they evolved in for two of the four tested 
honey products, and the observed increases were small (maximum twofold increase 
in IC90). Genomic sequencing and experiments with single-gene knockouts showed a 
key mechanism by which bacteria increased their honey resistance was by mutating 
genes involved in detoxifying methylglyoxal, which contributes to the antibacterial 
activity of Leptospermum honeys. Crucially, we found no evidence that honey adapta-
tion conferred cross-resistance or collateral sensitivity against nine antibiotics from 
six different classes. These results reveal constraints on bacterial adaptation to dif-
ferent types of honey, improving our ability to predict downstream consequences of 
wider honey application in medicine.
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medicine (Breasted, 1948) and has remained a staple treatment 
in traditional medicine. More recently, medically certified honeys 
and honey-containing products have been licensed in various parts 
of the world, primarily for topical application, such as in wound 
healing (Cooke et al., 2015; Molan & Betts, 2004), and treatment 
of otorhinolaryngological diseases (Werner & Laccourreye, 2011). 
The idea is appealing: honey is generally cheap and nonharmful to 
patients (Dunford & Hanano, 2004; Knottenbelt, 2014), inhibits 
bacterial growth (Basualdo et al., 2007; Carter et al., 2016) and can 
promote wound closure and healing (Molan, 1999). If honey could 
be used instead of antibiotics for some applications, this could 
contribute to managing antibiotic resistance. However, several 
open questions remain about whether bacteria exposed to inhibi-
tory concentrations of honey evolve resistance to it, which genes 
or pathways are involved, and whether any such evolutionary re-
sponses have downstream effects on other properties relevant for 
treatment, in particular antibiotic resistance.

Despite open questions about how bacteria evolve honey resis-
tance, the physiological causes of honey's antibacterial activity have 
been investigated in various species, including human pathogens 
such as Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus 
mutans and Enterococcus faecium (Badet & Quero, 2011; Camplin 
& Maddocks, 2014; Kwakman et al., 2008, 2011). Multiple mech-
anisms have been implicated, including high sugar/low water con-
tent, acidity, hydrogen peroxide and nonperoxide molecules such as 
methylglyoxal (Allen et al., 1991; Mavric et al., 2008; Molan, 1992; 
White et al., 1963), with floral source of the honey being a major 
determinant of its mechanism of action (Allen et al., 1991; Lu et al., 
2013; Maddocks & Jenkins, 2013). At the phenotypic level, various 
effects of honey have been reported across different species, in-
cluding changes in cell-wall integrity and cell shape (Brudzynski & 
Sjaarda, 2014; Henriques et al., 2011; Wasfi et al., 2016), quorum 
sensing (Lee et al., 2011; Truchado et al., 2009; Wang et al., 2012), 
iron acquisition (Ankley et al., 2020; Kronda et al., 2013) and bio-
film formation (Badet & Quero, 2011; Halstead et al., 2016; Merckoll 
et al., 2009). Perhaps unsurprisingly given this complex picture of 
inhibitory mechanisms, research to date on the evolution of honey 
resistance in bacteria has reached no clear consensus. For example, 
Cooper et al. (2010) reported no stable increase in resistance after 
exposure of various species to medical-grade Leptospermum honey 
in vitro, while Camplin and Maddocks (2014) and Lu et al. (2019) 
detected increased resistance in P. aeruginosa cells recovered from 
honey-exposed biofilms in vitro. Thus, it remains unclear how rap-
idly bacteria exposed to honey can evolve reduced susceptibility to 
it. Another important question is whether adaptation to honey has 
side effects for antibiotic susceptibility. This is relevant for assess-
ing the risk that honey application could contribute to the spread of 
antibiotic resistance, affecting the success of antibiotic treatments 
used in combination or later against the same bacteria. There is some 
evidence that honey resistance affects susceptibility to rifampicin 
and imipenem in P. aeruginosa (Camplin & Maddocks, 2014). To un-
derstand the general picture of how honey resistance affects anti-
biotic susceptibility, we need to test a wider range of bacteria and 

antibiotics, and characterize the genetic pathways by which bacteria 
become resistant.

We chose to study Escherichia coli because it is a common patho-
gen in humans and animals (Dowd et al., 2008; Suojala et al., 2013), 
frequently associated with surface wounds and infections of the in-
testinal tract that might be suitable for honey treatment (Carnwath 
et al., 2014; Haffejee & Moosa, 1985; Willix et al., 1992). Antibacterial 
resistance has increased in E. coli (O'Neill, 2014; Tadesse et al., 2012), 
and many of the resistance mechanisms found in E. coli can also be 
found in other species (Paulsen et al., 1996; Philippon et al., 1989), 
suggesting it as a good model for studying resistance evolution. To 
find out how bacteria respond to honey exposure phenotypically 
and genotypically, we experimentally evolved E. coli in the presence 
of four different honeys (two medical-grade honeys, two commer-
cially available honeys) by gradually exposing bacteria to increased 
honey concentrations during serial passage. We then measured 
honey susceptibility of evolved bacteria from this experiment, as 
well as population growth in the absence of honey. To identify genes 
involved in honey resistance, we used whole-genome sequencing of 
these evolved isolates, as well as single-gene knockout variants. We 
also used a second screen for honey-resistant mutants, by exposing 
many replicate populations to high honey concentrations in a sin-
gle step (selective plating of overnight cultures). Lastly, we tested 
for collateral effects of honey adaptation on antibiotic resistance 
by determining the phenotypic resistance of honey-adapted iso-
lates to antibiotics of different classes. Our results show that, even 
upon gradually increasing exposure, large changes in honey resis-
tance in E. coli populations growing in vitro are rare. However, for 
some honey products we identified mechanisms driving moderate 
increases in honey resistance, and we find no indication for cross-
resistance between honey and antibiotics.

2  | MATERIAL S AND METHODS

2.1 | Organisms and growth conditions

We used E.  coli K-12 MG1655 as parental strain for the evolution 
experiment and isolation of single-step mutants. We used E. coli K-12 
BW25113 and single-gene knockout variants derived from it (Keio 
Knockout Collection (Baba et al., 2006)) for knockout experiments. 
We stored all isolates in 25% glycerol at −80°C. We performed rou-
tine culturing in lysogeny broth (LB, Sigma-Aldrich [Merck KGaA]) at 
37°C with shaking at 180 rpm.

2.2 | Honeys and antibiotics

The different honey products we used are listed in Table 1. Honeys 
were stored in a cool, dark place and, in the case of medical-grade 
honeys, opened tubes were only used as long as recommended by 
the manufacturer (SurgihoneyRO™: 4 weeks; Medihoney™ Medical 
Honey: 4  months). Because the best-before date on commercial 
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honeys does not concern their antimicrobial activity but its edibil-
ity, and because prolonged storage can affect hydrogen peroxide 
content of honey (Irish et al., 2011), non-medical-grade honeys were 
also used for a maximum of 4 months after opening. After plating 
honey samples on agar plates (LB broth with agar [Lennox; Sigma-
Aldrich (Merck KGaA]) at 35 g/L), we observed colony-forming units 
with the commercial honey and Manuka honey. This was no longer 
the case after filtering honey solutions with a Filtropur S 0.45 fil-
ter (Sarstedt) (Wasfi et al., 2016). Accordingly, for all four honeys, 
honey-containing growth media were prepared immediately before 
the start of each experiment by diluting honey in LB (preheated to 
55°C) and filter sterilizing. We purchased amoxicillin (product num-
ber A8523), chloramphenicol (product number 23275), ciprofloxa-
cin (product number 17850), gentamicin (product number 48760), 
kanamycin (product number 60615), neomycin trisulphate salt hy-
drate (product number N1876), polymyxin B (product number 5291), 
tobramycin (product number T4014) and trimethoprim (product 
number 92131) from Sigma-Aldrich (Merck KGaA). We prepared 
antibiotic stock solutions at the outset of the experiments and fil-
ter sterilized (Filtropur S 0.2 [Sarstedt]) and stored them accord-
ing to the manufacturers' instructions (stock solutions: amoxicillin 
25 mg/ml in sterile distilled water [dH2O]; chloramphenicol 50 mg/
ml in 70% ethanol; ciprofloxacin 20 mg/ml in 0.1 M HCl; gentamicin 
50 mg/ml in dH2O; kanamycin 40 mg/ml in dH2O; neomycin 40 mg/
ml in dH2O; polymyxin B 20 mg/ml in dH2O; tobramycin 40 mg/ml in 
dH2O; and trimethoprim 25 mg/ml in DMSO).

2.3 | Measuring susceptibility of isolates to 
different honeys

We used the 90% inhibitory concentration (IC90) of each antibac-
terial compound as an indicator of resistance. We defined the IC90 
as the lowest concentration tested above which bacterial growth 
did not exceed 10% of growth of the same isolate in the absence 
of antibacterials (i.e. none of the tested concentrations at or above 
the IC90 supported >10% growth; this definition is used in the re-
sults sections below). A minority of dose–response curves were 
not monotonic, in that some individual concentrations below the 
IC90 inferred using the above definition supported <10% growth; 
this did not affect our overall conclusions (checked by using an 
alternative definition of the IC90 as the lowest individual concen-
tration supporting <10% growth, which supported the same con-
clusions). We estimated the IC90 towards four honey products for 
ancestral strain E. coli K-12 MG1655 (assay A); for 18 single-step 
putative resistant mutants (assay B, also including the ancestral 
strain); for 14 serially-passaged putative honey-resistant mutants 
and six serially-passaged control isolates (assay C, also including 
the ancestral strain); and for 28 single-gene knockout variants 
and their ancestral strain E. coli K-12 BW25113 (assay D, for de-
tails on selection of single-gene knockout variants see below) by 
measuring their growth in liquid culture at different concentra-
tions. For each assay, we transferred independent LB-overnight TA
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cultures (cultured in flat-based 96-well microplates [Sarstedt]) into 
microplates filled with various honey concentrations and plain LB 
as a control, using a pin replicator (1/100 dilution, 2 μl in 200 μl). 
We used slightly different concentration ranges in different sets 
of assays (range of tested concentrations is given in Table S1). 
The assays were conducted with independent controls (ancestral 
strain) on different days. After inoculating assay microplates, we 
incubated them overnight at 37°C and quantified bacterial growth 
by measuring optical density at 600 nm (OD600) with a microplate 
reader (Infinite® 200 PRO, Tecan Trading AG) at the beginning and 
end of the experiment (0 and 24 h). We corrected OD600 scores 
for the optical density of the media. In each assay, we assessed 
multiple replicates of each strain-compound combination (assay A: 
three replicates; assay B: five replicates; assay C: four replicates; 
assay D: three replicates).

2.4 | Experimental evolution

We serially passaged multiple selection lines of E. coli K-12 MG1655 
in filtered solutions of each of the four honey products and in the 
absence of honey for 22 days, transferring daily (four honey treat-
ments +  one control treatment  =  five evolution environments). In 
summary: at each transfer, each selection line was inoculated into 
multiple wells containing various honey concentrations. After over-
night incubation, we transferred from the well with the highest con-
centration supporting viable growth (Figure S1a). In more detail: to 
begin the experiment, we streaked out E.  coli K-12 MG1655 from 
glycerol stocks onto LB agar plates. After overnight incubation, we 
inoculated six selection lines in each evolution environment, each 
with an independent colony (5 evolution environments  ×  6 colo-
nies = 30 selection lines). In this first step, we cultured each selec-
tion line for 2 h in 5 ml of LB at 37°C with shaking at 180 rpm. Then, 
for every selection line, we inoculated seven microplate wells filled 
with 200 μl LB. After overnight incubation, we transferred the seven 
cultures of each selection line (5 μl of each culture) into a fresh mi-
croplate filled with 200 μl of unsupplemented LB (‘rescue well’), LB 
supplemented with one of five concentrations of the respective 
honey product or honey stock solution (30 or 50%(w/v)). We incu-
bated microplates overnight at 37°C and quantified bacterial growth 
by measuring OD600 after 0 h and 24 h. On the following days, for 
every selection line, we determined the well at the highest honey 
concentration where ∆OD600 (OD600 24 h – OD600 0 h) > 0.1 (an ar-
bitrary cut-off we took as an indication of viable growth) and trans-
ferred 5 μl to seven wells in a new microplate. In cases where ∆OD600 
in all honey-supplemented wells was <0.1, we used the rescue well 
culture to inoculate the fresh microplate. To gradually expose selec-
tion lines to higher concentrations of honey, we adjusted the range 
of concentrations tested over time, according to the performance of 
individual selection lines (concentrations and OD scores over time 
are given in Figure S2). In the control treatment (no honey), we used 
a single well for each selection line at each transfer. We did this for 
22 days, freezing microplates from days 3, 6, 9, 12, 15, 18, 21 and 22.

At the end of the experiment, we isolated a single colony at 
random from each selection line. On day 22, we streaked out a 
sample from the well with the highest honey concentration where 
∆OD600 > 0.1 onto LB agar. After overnight incubation, we picked 
one colony per selection line, grew it overnight in 5 ml LB and stored 
it at −80°C. We used colony PCR (primer sequences: forward: 5′-
AGA CGA CCA ATA GCC GCT TT-3′; reverse: 5′-TTG ATG TTC CGC 
TGA CGT CT-3′) to ensure that all colony isolates were E. coli K-12 
MG1655. For five selection lines (Medihoney_01, Commercial_02, 
Commercial_03, Commercial_04 and Commercial_05), we found 
no colonies when streaking out samples on LB agar at day 22. We 
initially screened for honey-resistant phenotypes of colony isolates 
from the other selection lines by culturing each colony isolate in 
honey-supplemented medium at a concentration in which the pa-
rental strain was not able to grow. This led us to exclude five iso-
lates that did not grow at honey concentrations above that of the 
parental strain (Surgihoney_01, Surgihoney_02, Surgihoney_03, 
Surgihoney_06 and Commercial_01). We then proceeded with the 
remaining 14 serially-passaged putative honey-resistant mutants, 
plus six control isolates serially passaged in LB, sequencing all 20 
genomes and quantifying their honey susceptibility as described 
below/above, respectively.

2.5 | Genetic analysis of serially-passaged mutants

We sequenced the 14 serially-passaged, putative resistant mu-
tants and the six LB-adapted control isolates. Overnight cultures 
inoculated with single colonies were centrifuged at 5000  g at 
room temperature for 10 min. After removal of the supernatant, 
we stored cell pellets at −20°C until further processing. We used 
the QIAGEN Genomic-tip 20/G (Cat. No. 10223; Qiagen) accord-
ing to the manufacturer's instructions for genomic DNA (gDNA) 
extraction. In brief: We resuspended the bacterial cell pellets in 
1 ml Buffer B1, 2 μl RNase A solution (100 mg/ml), 20 μl lysozyme 
(100  mg/ml) and 45  μl Proteinase K (20  mg/ml). Afterwards, we 
incubated them at 37°C for up to 1 h. Then, we added 350 μl of 
Buffer B2 and mixed thoroughly by inverting the tubes several 
times and vortexing them a few seconds. Following incubation at 
50°C for up to 1 h, we loaded the lysates onto the pre-equilibrated 
QIAGEN Genomic-tips and left the samples to pass the resin by 
gravity flow. We washed the QIAGEN Genomic-tips thrice with 
1 ml Buffer QC to remove any remaining contaminants. We eluted 
the DNA twice with 1 ml Buffer QF prewarmed to 50°C, discarded 
the Genomic-tips and precipitated the DNA by adding 1.4 ml room 
temperature isopropanol to the eluted DNA. We precipitated the 
DNA by inverting the tube 10–20 times and spooled the DNA 
using a glass rod. We immediately transferred the spooled DNA 
to a microcentrifuge tube containing 160 μl elution buffer (Buffer 
EB: 10 mM Tris-HCl, pH 8.5) and dissolved the DNA overnight on 
a shaker (20  rpm). We quantified the obtained gDNA using the 
Quant-iTTM dsDNA BR (Broad Range) Assay Kit (Thermo Fisher 
Scientific) in the QubitTM Fluorometer (Thermo Fisher Scientific). 
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We used a NanoDrop (Thermo Fisher Scientific) to control the pu-
rity of gDNA (ratios A260/A280 and A260/A230 ≥1.8). We sequenced 
at the Functional Genomic Center, Zurich, Switzerland, using the 
Illumina HiSeq 4000 platform after library preparation with the 
Nextera XT DNA Library Prep kit (Illumina).

We trimmed and quality-filtered all sequences with trim-
momatic (Bolger et al., 2014) with the following parameters: 
ILLUMINACLIP:<NexteraPE adapters fasta file>2:30:10; LEADING: 
3; TRAILING: 3; SLIDINGWINDOW:4:15; MINLEN:80. We mapped 
the reads of the ancestral strain of our resistance isolation experi-
ment (2.5 × 106 reads) against the reference sequence of E. coli K-12 
MG1655 (NCBI accession number: U00096) using breseq 0.33.1 
(Deatherage & Barrick, 2014). We used gdtools implemented in 
breseq to integrate the identified mutations into the reference ge-
nome. For variant calling, we mapped all reads of the serially pas-
saged and single-step putative resistant mutants (average number 
of reads per sample: 4.1 × 106 ± 1.5 × 106) against the refined refer-
ence genome using breseq. The sequencing data have been depos-
ited in the European Nucleotide Archive under the study accession 
number PRJEB35347 (https://www.ebi.ac.uk/ena).

2.6 | Experiments with single-gene 
knockout variants

After identifying genes that potentially contribute to honey adapta-
tion (Table S2), we tested for further evidence of the role of these 
genes in honey resistance using single-gene knockout variants from 
the Keio Knockout Collection (Baba et al., 2006) for E. coli K-12. We 
tested for a change in the resistance phenotype of these knockout 
variants relative to the ancestral strain of the knockout collection, 
E.  coli K-12 BW25113, using the resistance phenotyping assay de-
scribed above (assay D). When choosing genes to investigate, we 
concentrated on those (1) which were affected by independent mu-
tations in at least two selection lines, (2) where mutations were not 
detected in isolates from the control treatment, (3) which were not 
annotated as ‘pseudogene’, ‘intergenic’ nor ‘noncoding’, and (4) for 
which there is an available knockout variant in the Keio Knockout 
Collection (limited to nonessential genes).

2.7 | Measuring population growth of serially-
passaged mutants in the absence of honey

We tested whether our serially-passaged isolates showed altered 
population growth in the absence of honey relative to the ancestral 
strain. To do this, we grew four independent cultures (each inocu-
lated from a different colony) of each serially-passaged isolate (in-
cluding control-evolved isolates, n = 20) and the ancestral isolate, 
each in 150 μl LB in a microplate in a randomized layout. After over-
night incubation, we used a pin replicator to inoculate a fresh micro-
plate (all wells filled with 150 μl LB). We then measured OD600 every 
15 min for 24 h (shaking before each measurement).

2.8 | Measuring susceptibility of serially-passaged 
mutants to antibiotics

We measured the phenotypic resistance (IC90) of the 20 serially-
passaged isolates (14 putative resistant mutants, six LB-adapted con-
trol isolates) and of the parental strain (E. coli K-12 MG1655) for nine 
antibiotics representing six different classes: amoxicillin (penicillin), 
ciprofloxacin (fluoroquinolone), chloramphenicol (chloramphenicol), 
gentamicin (aminoglycoside), kanamycin (aminoglycoside), neomycin 
(aminoglycoside), polymyxin B (polymyxin), tobramycin (aminoglyco-
side) and trimethoprim (dihydrofolate reductase inhibitor). We de-
cided to test several aminoglycoside drugs (gentamicin, kanamycin, 
neomycin, tobramycin) because previous studies have found that 
bacteria exposed to honey reduce the expression of genes involved 
in the TCA cycle (Jenkins et al., 2014; Lee et al., 2011), while others 
report a link between aminoglycoside susceptibility and defects or 
down-regulated gene expression in the bacterial respiratory chain, 
including the TCA cycle (Chittezham Thomas et al., 2013; Magnet & 
Blanchard, 2005; Shan et al., 2015; Su et al., 2018; Zhou et al., 2019). 
We conducted the assays using a similar protocol as described above 
for honey. In brief, we first incubated independent replicate popula-
tions of each isolate in a randomized layout in microplates overnight. 
From these microplates, we inoculated assay plates filled with LB 
supplemented with antibiotics at various concentrations. With two-
fold broth dilution, the nonzero concentration ranges were amoxi-
cillin 128 – 4  μg/ml, chloramphenicol 32 – 1  μg/ml, ciprofloxacin 
1 – 0.03125 μg/ml, gentamicin 32 – 1 μg/ml, kanamycin 32 – 1 μg/
ml, neomycin 64 – 2 μg/ml, polymyxin B 4 – 0.125 μg/ml, tobramycin 
32 – 1 μg/ml and trimethoprim 4 – 0.125 μg/ml. We measured bacte-
rial growth by the change in OD600 (0, 24 h) as described above. We 
conducted the assays for all antibiotics on the same day.

2.9 | Single-step isolation of honey-
resistant mutants

As a second screen for mutants of E.  coli K-12 MG1655 with in-
creased honey resistance, we plated aliquots of multiple independ-
ent overnight cultures, grown in the absence of antibiotics, on LB 
agar supplemented with each honey product.

For each honey type, we first grew 54 independent over-
night cultures (250  μl per culture in LB in a 96-well microplate; 
Figure S1b). We then plated each culture onto a separate honey-
supplemented LB agar plate (prepared in six-well culture plates 
[Sarstedt]), plating 100  μl of 18 separate cultures at each of 
three concentrations per honey product. We prepared honey-
supplemented LB agar by adding LB-honey solution (at double the 
concentration of the desired final concentration in the plates, pre-
pared as described above) to hand-warm double concentrated LB 
agar (i.e. at 70 g/L agar). After mixing, we added 4 ml of this honey-
supplemented agar to wells. We used honey concentrations 1.25, 
1.5, 2 or 3 times higher than previously determined IC90 s of the 
wild-type strain in liquid. We incubated the plates overnight at 

https://www.ebi.ac.uk/ena
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37°C before checking for resistant mutants. For SurgihoneyRO™, 
Medihoney™ and Manuka honey, we picked six putative honey-
resistant colonies, each from a separate well. When isolating col-
onies, we prioritized those from wells with higher concentrations 
of honey. For commercial honey, we observed no viable colonies 
on honey-supplemented agar despite four attempts on different 
days (total of 216 cultures). We cultured the selected putative re-
sistant colonies overnight in 5 ml LB and suspended them in 25% 
glycerol for storage at −80°C. We then tested these 18 single-step 
putative honey-resistant mutants for phenotypic resistance as 
described above. We also used a second test to see if putative 
honey resistance phenotypes were robust, by streaking out frozen 
stocks of each colony isolate on honey-supplemented agar at a 
concentration inhibitory to the parental strain. Only three of 18 
single-step putative honey-resistant mutants were able to form 
colonies under these conditions (Medihoney_10, Surgihoney_09, 
Surgihoney_10).

2.10 | Statistical analysis

2.10.1 | Phenotypic honey resistance of serially 
passaged mutants

To test whether isolates from different evolution environments had 
different honey resistance profiles, we used a linear mixed-effects 
model (lmer function in R's lmerTest package [R version: 4.0; pack-
age version: 3.1-2]), with evolution environment and assay com-
pound as fixed effects and genotype (isolate) as a random effect. 
We compared models with and without the interaction between 
fixed effects, using the ANOVA function of the stats package to test 
significance. When looking at individual assay compounds, we used 
evolution environment as a fixed effect and genotype as a random 
effect. We used maximum likelihood estimation (REML = F). Wild-
type data were excluded from this analysis; we tested for differ-
ences in IC90 between evolved isolates and the wild type separately, 
with t-tests (p-values adjusted for multiple testing using the Holm–
Bonferroni method).

2.10.2 | Population growth of serially passaged 
mutants in absence of honey

We used R's nls and SSlogis functions in the stats package to estimate 
the growth rate and yield for each culture, with yield corresponding 
to the Asym parameter of the models (=asymptote) and growth rate 
corresponding to the inverse of the scal parameter (=numeric scale 
parameter on input axis). We tested for a difference in growth pa-
rameters between each evolved isolate and the parental strain with a 
t-test, adjusting p-values using sequential Bonferroni correction. We 
also tested for an average difference in growth rate or yield among 
evolved isolates from different evolution environments. We did this 
using a linear mixed-effects model, with evolution environment as a 

fixed effect and genotype as random effect, and excluding data from 
the wild type. We used maximum likelihood estimation (REML = F) 
with the lmer function in the lmerTest package.

2.10.3 | Phenotypic resistance profiles of serially 
passaged mutants (antibiotics)

We conducted an analysis of variance (ANOVA), using the aov func-
tion in R's stats package, to test whether there is cross-resistance 
between honey and antibiotics, with data on the phenotypic anti-
biotic resistance of isolates serially passaged in different honeys. 
We tested each evolved-isolate-versus-wild-type combination sepa-
rately, with genotype (evolved vs wild type) and assay compound 
(antibiotic) as factors, including the interaction term and with p-
values adjusted using the Holm–Bonferroni method.

3  | RESULTS

3.1 | Experimental evolution of Manuka honey-
resistant bacteria by serial passaging

During serial passage at gradually increasing honey concentrations 
(Figure S1a), most selection lines showed improved population growth 
at concentrations that were initially inhibitory to the ancestral strain 
(Figures S2 and S3). When we measured the phenotypic resistance 
of 14 putative honey-resistant mutants and six control isolates, each 
isolated from a different selection line after 22 days, several showed 
increased resistance compared to the ancestral strain against one or 
more honey products (Figure 1 and Figure S4). The average change 
in resistance varied among evolved isolates passaged with different 
honey compounds, depending on which honey compound was used 
in the assay (evolution environment × assay environment interaction: 
χ2(12)  =  187.71, p  <  0.001; main effect of evolution environment: 
F4,20 = 1.036, p > 0.1). We observed the largest change in resistance 
for mutants selected with Manuka honey or Medihoney™ when they 
were assayed with Manuka honey (mean change relative to the ances-
tor of 2.03-fold [SD = ±0.21] and 1.83-fold [SD = ±0.27], respectively). 
Manuka honey resistance of Manuka honey- and Medihoney™-evolved 
isolates was also significantly higher than for control-evolved isolates 
from the honey-free LB-medium treatment (t9.4 = 5.8, p < 0.001 and 
t8.2 = 3.3, p < 0.05, respectively). On average, Manuka honey-evolved 
and Medihoney™-evolved isolates also had moderately increased 
resistance to Medihoney™ (mean change relative to the ancestor of 
1.17-fold [SD = ±0.18] and 1.17-fold [SD = ±0.1], respectively), but this 
was not significantly different from that of control-evolved isolates on 
average (Manuka: t7.1 = 0.07, p > 0.05; Medihoney™: t8.2 = 0, p > 0.05). 
Some other individual isolates had consistently increased Manuka 
honey or commercial honey resistance (all replicates for a given isolate 
higher than all replicates for the ancestor; Figure 1 and Figure S4), but 
these changes were small compared to those for Manuka honey- and 
Medihoney™-evolved isolates tested with Manuka honey. Thus, after 
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experimental evolution we observed the strongest evidence of honey 
adaptation with Manuka honey.

3.2 | Honey adaptation is linked to mutations in 
nemAR and clpP

Genomic sequencing of our serially-passaged isolates revealed changes 
at several loci (Figure 2, Table S2). Some loci were mutated multiple 
times independently in honey-evolved colony isolates, but not in 
control-evolved isolates (Table S2, Figure 2), indicating a possible role 
in adaptation to honey. Two such genes were clpP (serine protease, mu-
tated in two Manuka honey-evolved isolates) and nemR (DNA-binding 
transcriptional repressor, mutated in four Manuka honey-evolved 
isolates and three Medihoney™-evolved isolates; Table S2, Figure 2). 
The intergenic region between ydhL and nemR was mutated in the re-
maining two Manuka honey-adapted isolates and the remaining two 
Medihoney™-adapted isolates (Table S2, Figure 2). An additional gene 
for which we found mutations in multiple isolates serially passaged in 
Manuka honey is yafS (methyltransferase; Table S2, Figure 2), located 
next to gloB, the gene encoding glyoxalase II, an enzyme involved in 
detoxification of reactive aldehydes (Ozyamak et al., 2010). In control-
evolved isolates, we found parallel mutations in fimE, a recombinase 
responsible for on-to-off switching of type 1 fimbriae expression, and 
flhD, one of two transcriptional activators of the E. coli flagellar regulon 
but also involved in cell division (Iino et al., 1988; Klemm, 1986; Liu 
& Matsumura, 1994; Prüß & Matsumura, 1996), consistent with past 
work with LB-adapted isolates (Knöppel et al., 2018). In summary, we 
found parallelisms in both control-evolved and honey-evolved isolates, 
and in particular every Manuka honey- and Medihoney™-evolved iso-
late had a mutation in or affecting nemR. As we discuss below, this may 
reflect the role of nemR in methylglyoxal degradation (Ozyamak et al., 
2013), an active component of Leptospermum honeys.

3.3 | Single-gene knockouts support a role for nemR 
in honey resistance

We used single-gene knockout variants of several genes that were 
mutated in serially-passaged isolates to test for further evidence 
that they play a role in honey resistance (Figure 3 and Figure S5). The 
knockout variant ∆nemR had increased Manuka honey resistance 
(all replicates higher than all replicates of the wild-type strain). This 

F I G U R E  1   Susceptibility of serially-passaged, putative resistant 
mutants with four different honey compounds. Each cell gives 
the median IC90 for a given isolate (the ancestral strain Escherichia 
coli K-12 MG1655, in the top row, or a putative resistant mutant 
serially passaged with one of the four honey compounds, labelled 
according to compound and replicate selection line) assayed 
with one of the four honey compounds (columns). Each value is 
the median of four independent replicates; combinations where 
all replicates of a putative resistant mutant were higher than all 
replicates of the ancestor in the same treatment are indicated with 
a ‘+’. Individual replicates for each strain are shown in Figure S4
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variant also showed increased average resistance to Medihoney™, al-
though this was not consistent across all replicate assays (Figure 3 and 
Figure S5). This is consistent with the above finding that all isolates 
serially passaged in Manuka honey or Medihoney™ had mutations in 
or close to nemR, and all were more resistant to Manuka honey and 
Medihoney™ than the ancestral strain. In ∆clpP, the knockout of the 
other gene for which we observed independent mutations in multi-
ple honey-evolved isolates, we observed a similar pattern of higher 
median Manuka honey and Medihoney™ resistance (two out of three 
replicates higher than wild-type). This is consistent with the increased 
resistance for these honeys we observed with the two Manuka honey-
selected isolates with mutations in clpP (Figure 2 and Figure S4). Two 
other knockout variants, ∆nemA and ∆eda, had consistently altered 
resistance to Manuka honey, with ∆eda having a higher susceptibility 
than the ancestral strain. In summary, independent deletion of two 
genes, nemR and clpP, which were also directly or indirectly affected 
by mutations in several of our serially-passaged isolates, conferred 
increased resistance to Manuka honey and Medihoney™.

3.4 | Impaired growth in the absence of honey 
for honey-evolved compared with control-
evolved isolates

Most serially-passaged isolates (both honey-evolved and control-
evolved) had increased population growth rates relative to the an-
cestral strain in the absence of honey (Figure 4). However, when 

we compared control-evolved isolates with honey-evolved isolates, 
control-evolved isolates had higher growth rates on average com-
pared to all four types of honey-evolved isolates (linear mixed-
effects model: Manuka honey: t20 = −4.355, p < 0.001; Medihoney™: 
t20 = −5.538, p < 0.001; SurgihoneyRO™: t20 = −4.078, p < 0.001; 
commercial honey: t20 = −4.671, p < 0.001). By contrast, we found 
little effect of serial passaging on growth yield in evolved isolates 
compared to the ancestral strain (Figure S6). Comparing the growth 
yield in different evolution environments, we found no significant 
difference between isolates serially passaged in LB and honey-
evolved isolates (linear mixed-effects model: all p > 0.05; Figure S6). 
In summary, for most experimentally evolved isolates we found a 
positive effect of serial passage on growth rate, but honey-adapted 
isolates had a lower growth rate on average compared to isolates 
serially passaged in the absence of honey.

3.5 | No evidence for cross-resistance between 
honey and antibiotics

We determined the phenotypic resistance of our serially-passaged 
isolates and the ancestral strain to nine antibiotics of six different 
classes (Figure 5; Figure S7). We found only a single case out of 180 
combinations (20 serially-passaged isolates × 9 antibiotics) where an-
tibiotic resistance was consistently altered compared to the ancestral 
strain (higher/lower IC90 for all mutant replicates compared to all rep-
licates of ancestor). This was for one Manuka honey-evolved isolate, 

F I G U R E  2   Genetic changes in 20 
serially-passaged isolates of Escherichia 
coli K-12 MG1655. The outermost ring 
represents the ancestral isolate with 
coloured tiles for all genes in which we 
found mutations in serially-passaged 
isolates. Each inner circle represents one 
serially-passaged isolate: in turquoise: 
control treatment; and in grey: four 
different honey treatments. Genetic 
mutations are indicated with coloured 
tiles: red: mutations in one gene; yellow: 
intergenetic mutations; and blue: 
deletions >1000 bp
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Manuka_05, tested with polymyxin B. For seven of the other eight 
antibiotics, the largest difference shown by individual replicates rela-
tive to the median of the ancestral replicates was twofold or less. For 
the remaining antibiotic, kanamycin, some individual replicates had 
differences of fourfold compared to the ancestor. The overall lack of 
major differences between evolved isolates and the ancestral strain 
was supported by analysis of variance (testing each evolved-isolate-
versus-wild-type combination separately, with genotype (evolved vs 
wild type) and assay compound (antibiotic) as factors, including the in-
teraction term and with p-values adjusted using the Holm–Bonferroni 
method); this indicated a single significant effect of genotype, for iso-
late Manuka_06. Thus, we found no evidence for appreciable changes 
in sensitivity to antibiotics in serially-passaged honey-adapted isolates.

3.6 | Single-step screening supports similar 
variation of resistance evolution among honey products

We tested whether our finding that resistance evolution was more 
pervasive with Manuka honey than the other honey compounds also 
holds true when bacteria are exposed to inhibitory honey concentra-
tions suddenly, rather than gradually. We did this by plating aliquots 
from multiple independent, replicate overnight cultures directly onto 
honey-supplemented agar, and picking the resulting colony isolates that 
showed a putative resistance phenotype. As for our serially-passaged 
isolates above, we observed the largest increases in resistance for colony 
isolates from the Manuka honey treatment, when assayed with Manuka 
honey (Figure S8). For SurgihoneyRO™ and Medihoney™, we observed 
colonies on some of our plates, but after picking six colonies for each 
compound and testing their phenotypic resistance, none of them had 
consistently altered resistance to the honey they were selected with. 
When we streaked out frozen stocks of these 12 putative honey-
resistant colony isolate on honey-supplemented agar at a concentration 
inhibitory to the parental strain, only three out of 12 isolates formed col-
onies (Medihoney_10, Surgihoney_09 and Surgihoney_10). Thus, most 
putative SurgihoneyRO™- and Medihoney™-resistant mutants showed 
unstable phenotypic resistance across multiple rounds of isolation, cul-
turing and restreaking (we discuss this further in the context of earlier, 
similar observations below). For commercial honey, we obtained no via-
ble colonies despite repeating the assay an additional three times on dif-
ferent days (216 aliquots in total for commercial honey). In summary, we 
isolated single-step resistant mutants with Manuka honey, but found no 
colony isolates with robust resistance phenotypes to SurgihoneyRO™, 
Medihoney™ or commercial honey, consistent with our finding in serial 
passage that resistance evolved most readily against Manuka honey.

4  | DISCUSSION

We found E. coli does not easily develop large increases in honey re-
sistance upon serial passage at gradually increasing concentrations, or 
upon plating of many replicate populations at inhibitory concentra-
tions. However, we identified a set of genes important in adaptation to 

honey, which conferred moderate increases in resistance to Manuka 
honey. The known physiological role of this genetic pathway helps to 
explain why these genetic changes, and associated increases in pheno-
typic resistance, were specific to Leptospermum honeys (detoxification 
of methylglyoxal, which has been found to be the major contributor to 
the antibacterial activity of these honeys (Adams et al., 2008; Mavric 
et al., 2008)). This indicates the likelihood of honey resistance upon 
medical application may depend critically on the type or combination 
of honey products used. Furthermore, we found that honey adapta-
tion in vitro had only minimal side effects for antibiotic resistance.

The first important implication of our results is that E. coli does 
not readily become resistant to honey, which is promising in the 
context of expanding medical use of honey. Previous studies also 
had difficulty in isolating mutants with stable honey resistance, and/
or found that honey resistance phenotypes revert quickly in the 
absence of honey (Cooper et al., 2010). This is consistent with our 
observation that several putative resistant mutants from our single-
step screen had unstable phenotypes, and some serially-passaged 
populations that attained the ability to grow at increased honey 
concentrations subsequently lost this ability upon transfer to fresh 
medium (referred to by (Abdel-Azim et al., 2019) as second transfer 
crash [STC]). One possible explanation is that nongenetic changes 
such as persister formation or other morphological changes enable 
temporary population survival or growth in otherwise inhibitory 
concentrations. Consistent with honey inducing physiological re-
sponses that are not necessarily heritable, Brudzynski and Sjaarda 
(2014) observed morphological changes in E. coli cultures exposed to 
honey, including changes in cell shape/filamentation.

The second key implication of our results is that, to our knowl-
edge, this is the first report of a specific genetic mechanism linked 
to decreased honey susceptibility, namely changes affecting the 
nemAR operon, and alternatively via changes affecting clpP. In sup-
port, nemR and its operon have previously been described as being 
involved in physiological processes that we can expect to be bene-
ficial during honey exposure. Manuka honey and Medihoney™ are 
both Leptospermum honeys, whose high nonperoxide antimicrobial 
activity is attributed to their relatively high content of methylgly-
oxal (Allen et al., 1991; Mavric et al., 2008), a small amount of which 
bacteria produce intracellularly (Tötemeyer et al., 1998). Ozyamak 
et al. (2013) linked the nemAR operon to methylglyoxal detoxifica-
tion. The nemAR operon is located upstream from the glyoxalase 
system (Ozyamak et al., 2013) which consists of GlxI and GlxII (gly-
oxalase I and II, encoded by gloA and gloB respectively), the two most 
important enzymes in the detoxification pathway of methylglyoxal 
(Clugston et al., 1998; MacLean et al., 1998; Mannervik, 2008). 
Deletion of nemR, the repressor gene, results in increased transcrip-
tion both of nemA and gloA (Ozyamak et al., 2013). Thus, the finding 
that all isolates serially-passaged in supposedly methylglyoxal-rich 
Leptospermum honeys have mutations in or close to the repressor 
gene nemR allows for the speculation that, in this context, deletion 
of this gene is beneficial because it leads to increased methylglyoxal 
detoxification. Similarly, clpP, another gene we found independently 
mutated in multiple Manuka honey-adapted isolates, was shown by 
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Jenkins et al. (2014) to be overexpressed in Leptospermum honey-
exposed methicillin-resistant S.  aureus, supporting a role for this 
gene in honey resistance in multiple species.

The importance of methylglyoxal detoxification in increased honey 
resistance is further supported by the variation we observed among 
honey compounds. Robust resistant mutants emerged in our single-
step screen only with a Leptospermum honey (Manuka honey) with 
a high concentration of methylglyoxal, but not with the other three 
compounds. During serial passage, we saw a similar trend: the most 
consistent increases in resistance were with the two Leptospermum 
honey products. By contrast, resistance of putative single-step resis-
tant mutants isolated from SurgihoneyRO™-supplemented agar was 
not stable, and we could not isolate any spontaneous mutants for the 
commercial honey we used (despite observing increased population 
growth at inhibitory concentrations during serial passage). This com-
mercial honey is a blend of honeys with unknown flower sources from 
different South-American countries. Drawing a parallel to antibiotics, 
where combinations of antibiotics can make it harder for bacteria to 
evolve resistance (Baym et al., 2016), we speculate that resistance 
evolution against this honey was rare in our experiments because it 
is a form of combination treatment. This raises the possibility that 
effective application of honey in treatment may benefit from combin-
ing multiple types of honey products with different mechanisms of 
action. We note that despite variation among honey products, all iso-
lates in our experiment were inhibited by honey concentrations com-
parable to those found in medical-grade honey products (63%–100% 
in products recommended/licensed for medical wound care, http://
www.medih​oney.de/index.html). We hypothesize that the multi-
faceted nature of honey's antibacterial activity (Nolan et al., 2019; 
Wang et al., 2012) contributes to the difficulty of bacteria evolving 
resistance to such high concentrations.

The third major implication of our results is that honey adapta-
tion did not come with collateral effects on antibiotic resistance. 
The lack of collateral effects on antibiotic resistance is an import-
ant and promising aspect in the context of wider medical applica-
tion of honey, and contrasts starkly with the frequent occurrence 
of cross-resistances between antibiotics (Gutmann et al., 1985; 
Szybalski & Bryson, 1952) and between antibiotics and some other 
antimicrobial agents (Allen et al., 2017; Baker-Austin et al., 2006; 
Bischofberger et al., 2020; Braoudaki & Hilton, 2004; Loughlin 
et al., 2002). We do not exclude that more significant changes in 
antibiotic resistance might be observed in mutants or strains with 
larger changes in honey resistance than the moderate increases 
we observed here, if such strains exist. A key avenue for future 

F I G U R E  3   Honey susceptibility of single-gene deletion variants. 
Each cell shows the median IC90 towards four different honeys 
(columns) for the ancestral strain Escherichia coli K-12 BW25113 
(top row) or one of 28 single-gene knockout variants (other rows). 
Each cell is the median value of three independent replicates; 
combinations where all replicates of a putative resistant mutant 
were higher/lower than all replicates of the ancestor in the same 
treatment are indicated with a ‘+’/‘−’. Individual replicates for each 
strain are shown in Figure S5
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work is therefore to determine whether any genetic variation in 
natural populations associated with variable honey resistance is 
independent of variation in antibiotic resistance, as in our exper-
iment. Another important aspect to consider is honey's potential 

effect on other bacterial virulence factors. Biofilm formation is an 
effective bacterial defence mechanism against a wide range of an-
timicrobials (Costerton et al., 1995). Several of the genes we found 
mutated in honey-adapted isolates have a known role in biofilm 

F I G U R E  4   Growth rate of 
experimentally evolved isolates in the 
absence of honey. Population growth 
rate (y-axis) is shown for the wild type 
(Escherichia coli K-12 MG1655), six 
mutants serially passaged in honey-free 
LB (LB_01-LB_06), and 14 mutants serially 
passaged in different honeys (labelled 
according to honey and replicate; x-axis). 
Each black line gives the median of four 
replicates (replicates shown as dots)
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F I G U R E  5   Resistance of serially-
passaged, putative honey-resistant 
mutants against nine different antibiotics, 
relative to the wild type The matrix shows 
the median IC90 towards nine antibiotics 
of 20 serially-passaged isolates relative 
to the median IC90 of the parental strain, 
Escherichia coli K-12 MG1655. Blue/dark 
seagreen signify susceptibility and yellow/
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the parental strain; combinations where 
all replicates of a given isolate were lower 
than all replicates of the ancestor in the 
same treatment are indicated with a ‘−’. 
Individual replicates for each strain are 
shown in Figure S7
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formation (fimA, fimE, nlpD, ompR, yeaJ (Prigent-Combaret et al., 
2001; Niba et al., 2007; Wu & Outten, 2009; Amores et al., 2017)). 
Honey exposure or honey-resistance mechanisms might there-
fore also have downstream effects for biofilm formation or the 
expression of other virulence factors. On the other hand, because 
honey has shown effective inhibition of a wide range of pathogens 
(Carter et al., 2016; Hillitt et al., 2017; Yabes et al., 2017), and the 
principal genes involved in honey resistance in our experiment are 
conserved in multiple pathogenic species (e.g. nemR or analogues 
are present in Klebsiella pneumonia, Acinetobacter baumannii and 
Salmonella typhimurium), our work identifies candidate loci that 
may be involved in resistance in other species. This is another 
relevant area for future research in the context of medical honey 
application.

Our results also provided indirect evidence of growth costs as-
sociated with honey adaptation. Growth in the absence of selecting 
antibacterials is widely considered an important parameter in the 
long-term spread of resistance (Andersson & Hughes, 2010). The 
larger increase in growth rate observed in our control-evolved iso-
lates compared to honey-adapted isolates suggests either (1) that 
honey adaptation constrained adaptation to other aspects of the 
environment, preventing acquisition of other beneficial mutations, 
or (2) that honey resistance mutations combined with other types of 
beneficial mutations conferred a smaller net increase in growth rate 
in honey-free growth medium compared to other beneficial muta-
tions alone. Our sequence data are more consistent with the former: 
control-evolved populations had parallel mutations in flagella and 
fimbriae genes (flhD and fimE), consistent with past work with LB-
adapted E.  coli (Knöppel et al., 2018). These mutations were much 
less common in honey-adapted colony isolates (Figure 2). This could 
be due, for example, to epistatic interactions between the different 
types of adaptive mutations (Scanlan et al., 2015). The parallelism we 
observed for these genes might also be responsible for the increased 
honey resistance of control isolates (Figure S4). However, a full un-
derstanding of the growth costs and benefits associated with individ-
ual honey resistance alleles and their interactions with other types of 
beneficial mutations is beyond the scope of this paper, and was not 
our aim here, but would make an interesting avenue for future work.

In conclusion, honey resistance in our experiment only evolved 
with a subset of the compounds we tested, and only to a moder-
ate degree. This is promising in the context of medical application 
of honey. A further positive aspect is that we found no evidence 
of strong downstream effects on antibiotic susceptibility in isolates 
adapted to honey in vitro via chromosomal mutation. Finally, we 
identified putative genetic mechanisms involved in honey adapta-
tion, via changes affecting genes involved in detoxifying methylgly-
oxal, making this mechanism most relevant for Leptospermum honeys 
such as Manuka honey.
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