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25  Abstract

26 Populations of microbial cells may resist environmental stress by maintaining a high population-
27 median resistance (ICso) or, potentially, a high variability in resistance between individual cells
28 (heteroresistance); where heteroresistance would allow certain cells to resist high stress, provided
29 the population was sufficiently large to include resistant cells. This study sets out to test the
30 hypothesis that both ICs, and heteroresistance may contribute to conventional minimal-inhibitory-
31  concentration (MIC) determinations, using the example of spoilage-yeast resistance to the
32 preservative sorbic acid. Across a panel of 26 diverse yeast species, both heteroresistance and
33 particularly 1Cso were positively correlated with predicted MIC. A focused panel of 29 different
34  isolates of a particular spoilage yeast was also examined (isolates previously recorded as
35  Zygosaccharomyces bailii, but genome resequencing revealing that several were in fact hybrid
36  species, Z parabailii and Z. pseudobailii). Applying a novel high-throughput assay for
37 heteroresistance, it was found that IC5, but not heteroresistance was positively correlated with
38 predicted MIC when considered across all isolates of this panel, but the heteroresistance-MIC
39 interaction differed for the individual Zygosaccharomyces subspecies. Z. pseudobailii exhibited
40 higher heteroresistance than Z. parabailii whereas the reverse was true for ICso, suggesting possible
41  alternative strategies for achieving high MIC between subspecies. This work highlights the limitations
42  of conventional MIC measurements due to the effect of heteroresistance in certain organisms, as

43  the measured resistance can vary markedly with population (inoculum) size.

44
45 Importance
46 Food spoilage by fungi is a leading cause of food waste, with specialised food spoilage yeasts capable

47  of growth at preservative concentrations above the legal limit, in part due to heteroresistance

48  allowing small subpopulations of cells to exhibit extreme preservative resistance. Whereas
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49 heteroresistance has been characterised in numerous ecological contexts, measuring this phenotype
50 systematically and assessing its importance are not encompassed by conventional assay methods.
51 The development here of a high-throughput method for measuring heteroresistance, amenable to
52 automation, addresses this issue and has enabled characterisation of the contribution that
53 heteroresistance may make to conventional MIC measurements. We used the example of sorbic acid
54 heteroresistance in spoilage yeasts like Zygosaccharomyces spp, but the approach is relevant to
55  other fungi and other inhibitors, including antifungals. The work shows how median resistance,
56 heteroresistance and inoculum size should all be considered when selecting appropriate inhibitor

57  doses in real-world antimicrobial applications such as food preservation.

58
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59 Introduction

60 Resistance of microorganisms to inhibitory agents is a growing problem in therapeutics (Andersson
61 et al, 2019, Dewachter et al., 2019) and food supply chains (Davies et al. 2020). The resistance of a
62 microorganism to a stressor is typically described using a conventional minimum inhibitory
63 concentration (MIC) measurement, which reflects the concentration of a stressor required to
64 prevent growth at a particular fixed inoculum size (Box 1). Other measures of stress resistance
65 include ICso, a population-median measure describing the concentration required to inhibit either
66 50% of cells in a population (as used in the present work, Box 1) or all cells by 50%, depending on the
67  study. In recent years there has been growing recognition also of heteroresistance, describing the
68 heterogeneity of resistance between individual clonal cells (Box 1), which appears to be very
69 ubiquitous (Bishop et al. 2007, Holland et al. 2014, Jing et al. 2018, Levy et al., 2012). However, the
70  extent to which differences in heteroresistance may contribute to MIC of a cell inoculum remains
71 barely explored, especially relative to traditional measures such as ICsq. The present work aimed to
72  address this gap in our knowledge, as it could explain variability in MIC data that are used as

73 common standards, due to parameters such as population size and the inoculum effect (Box 1).

Box 1: Definitions of parameters

1) MIC: minimum inhibitory concentration, i.e., lowest concentration of a stressor required
to completely inhibit the growth of an inoculum of a microorganism.

2) MIC®®: Experimentally derived MIC, at a given inoculum size, e.g., the MIC™* for 100
cells of a given strain could be different to the MIC™* for 10,000 cells of the same strain.

3) MIC?PEL; MIC of 10,000 cells/well predicted using a lognormal distribution curve, fitted
to MIC™? values (see Fitting to normal and lognormal distributions)

4) Heteroresistance: Cell-cell phenotypic heterogeneity in a resistance phenotype. Here
quantified as the standard deviation of a lognormal distribution of single cell resistances

5) ICso: Population-median resistance, here defined as the mean of a lognormal distribution
of single cell resistances

6) Inoculum effect: Phenomenon by which MIC™" increases with inoculum size, due to
increased probability of resistant cells being present

EXP

74
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75 Phenotypic heterogeneity among individual cells of genetically uniform populations is considered an
76  evolutionarily selected strategy akin to bet hedging (Ackermann 2015). It describes cell-to-cell
77  variation in a phenotype (e.g. stress resistance) within a cell population, resulting in phenotypically
78 (not genotypically-) distinct subpopulations among which some may be better equipped to thrive if
79 conditions change (Ackermann 2015, Smith et al., 2007, Levy et al. 2012, Stratford et al 2019). The
80 rationale is that generation of phenotypic heterogeneity, may be a relatively low cost strategy
81 (metabolically) for improving survival-chances in uncertain conditions. Such heterogeneity in the
82  case of stress resistance can be observed in almost any resistance phenotype: examples of
83 heteroresistance are evident in microbial responses to antibiotics (Dewachter et al., 2019, Scheler et
84  al., 2020, Jing et al. 2018), heat (Levy et al., 2012), osmotic (Stratford et al. 2019), metal (Holland et
85  al., 2014) and weak organic acid (Stratford et al. 2014, Geoghegan et al. 2020) stresses. Mechanistic
86  determinants of heteroresistance have been characterised, including cell-to-cell variation in gene
87  expression linked to particular ‘high’ or ‘low’-variation promoters or transcription factors, commonly
88 referred to as gene expression noise (Silander et al. 2011, Urchueguia et al., 2021, Newman et al.
89 2006). Housekeeping genes tend to be expressed with low variation between cells, whereas high-
90  variation promoters are more commonly associated with stress-response genes (Newman et al.
91 2006). Engineering increased variation of expression of an oxidative stress response gene has been
92 shown to increase resistance to oxidative stress in Saccharomyces cerevisiae (Liu et al., 2018), while
93 dampening of expression variation in similar functions gave decreased resistance (Smith et al,,

94  2007).

95 As food spoilage microorganisms can exhibit both high population-median resistance and
96 heteroresistance to food preservatives (Stratford et al. 2014), they provide a good example with
97  which to address this study’s main aim to characterise the relationship between MIC and
98 heteroresistance versus population-median resistance. Among the major food preservatives, sorbic
99  acid is a weak organic acid preservative widely used in condiments and drinks of pH <4, conditions in

100  which the acid is undissociated and capable of traversing the plasma membrane. Several modes of
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101  action have been proposed for sorbic acid, including cytosolic acidification (Stratford et al., 2013a)
102  and disruption of the mitochondrial electron transport chain (Stratford et al., 2020). Efficacy of
103 sorbic acid as a food preservative is hampered by the intrinsic resistance of specialised spoilage
104  yeasts, which are capable of growth at sorbic concentrations exceeding the maximum legal limit

105  dictated by food standards agencies (Stratford et al., 2013b).

106  Zygosaccharomyces bailii is a food spoilage yeast exhibiting a high level of resistance to weak organic
107  acids (Stratford et al. 2014). Two interspecies hybrids related to Z. bailii and also reported to spoil
108 preserved foods are Z. parabailii and Z. pseudobailii, formed through hybridisation events between
109  ancestral Z bailii and two unknown Zygosaccharomyces species, sharing approximately 90-93%
110  sequence identity with Z bailii (Braun-Galleani et al., 2018). Z bailii has several proposed
111 mechanisms of resistance to weak organic acids, including a relatively thick and rigid plasma
112 membrane (Lindberg et al. 2013, Lindahl et al. 2016), metabolism of sorbic acid to less inhibitory
113 products (Mollapour and Piper, 2001), metabolism that is primarily fermentative (Stratford et al.
114  2020) and a low cytosolic pH (Stratford et al. 2013b, 2014). In addition to being relatively resistant to
115  sorbic acid (according to MIC or ICsp), Z. bailii also shows high sorbic acid heteroresistance (Stratford
116 et al. 2013b), with a small proportion of cells capable of resisting extreme concentrations even

117  though they may take several weeks to grow to detectable levels.

118  The food-industry relevance of Z. bailii, coupled with its high heteroresistance makes it an ideal
119 model for studying the relative contributions of population-median resistance and heteroresistance
120  to MIC. In this study we assess and compare these parameters in a panel of diverse spoilage yeasts
121 as well as more select panels of Z. bailii, Z. parabailii and Z. pseudobailii isolates. The work highlights
122  the importance of context when assessing the resistance of a microorganism, with population-
123 median resistance, heteroresistance and inoculum size impacting the resistance of a given inoculum,

124 nuances which are lost when an MIC at a single inoculum size is taken.

125


https://doi.org/10.1101/2023.02.06.527412
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.06.527412; this version posted February 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

126  Materials and Methods

127 Yeast species and strains

128  Yeast species and strains used for experiments in this study are listed in Tables 1, 2 (alternative
129 identifiers and origin of isolation are given where available). Members of a large, initial
130  Zygosaccharomyces panel (Table S1) were designated Z. bailii, Z. parabailii or Z. parabailii based on
131  whole genome sequencing (WGS) analysis (see Genome sequencing) and a subset of these
132  comprised the main Zygosaccharomyces panel used for experiments (Table 1). Several species
133 previously designated Z. bailii were redesignated Z. parabailii or Z. pseudobailii based on the WGS
134  analysis (below). Members of a wide panel of isolates from more diverse yeast genera (Table S2)
135  were identified previously based on sequencing of the D1/D2 region of the 25S ribosomal DNA

136 (rDNA) (Stratford et al. 2013b).

137 Culture conditions

138  The YEPD growth medium used for culturing [20 g/l glucose, 20 g/| bacteriological peptone (Oxoid),
139  and 10 g/l yeast extract (Oxoid)] was adjusted to pH 4 using 5 M HCI prior to sterilisation by
140 autoclaving. Yeasts were stored at —80°C in cryovials in YEPD medium mixed with 0.2 volumes
141  glycerol. Cells were grown from frozen on YEPD supplemented with 2% agar (Oxoid) for 3 days at
142 30°C, before maintenance at 4°C for up to 3 weeks. For each biological replicate in experiments, a
143 single colony was suspended in 1 ml YEPD broth and, after determination of ODgg, an aliquot
144  transferred to 10 ml YEPD broth in order to give a starting ODgy~0.02. These cultures were
145 incubated in 50 ml Erlenmeyer flasks at 24°C for >12 hours with shaking (120 rev/min) prior to use in
146  experiments at ODgy 0.1 — 2.0, when cells were growing in exponential phase. Desired
147  concentrations of sorbic acid in the growth medium were produced using a stock solution of 20 mM
148 potassium sorbate (Sigma-Aldrich) in YEPD, adjusted to pH 4 using 5 M HCI. Final concentrations of

149  sorbic acid in YEPD agar or broth were produced by mixing appropriate ratios of YEPD medium (pH
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150  4) with the 20 mM sorbic acid-supplemented medium. All steps were carried out under aseptic

151 conditions.

152 De novo genome sequencing

153 De novo genome sequencing was carried out by KeyGene (Wageningen, Netherlands) by mapping
154  short lllumina reads to long PacBio reads for Z. bailii (7846), Z. parabailii (3699, containing Z. bailii-
155  derived ‘A’ genome and hybrid ‘B’ genome) and Z. pseudobailii (3697, containing Z. bailii-derived ‘A’
156  genome and hybrid ‘C’ genome). Yeast isolates were grown in YEPD medium at 25°C for 48 hours.
157  Subsequently, cells were harvested by centrifugation (3000 g, 3 min), the supernatant removed and
158  the pelleted cultures freeze dried prior to DNA isolation. Isolation of high molecular weight DNA
159  suitable for long-read sequencing was carried out by Keygene based on methods described

160 previously (Zhang et al. 2012, Datema et al. 2016).

161  To generate the sequencing data for Z. pseudobailii and Z. parabailii, one PacBio SMRT cell (Sequel)
162  was used for each isolate. The same DNA was used for generating paired-end lllumina reads (MiSeq)
163  that was used for polishing of the PacBio data. To obtain the initial assembly of the two hybrid
164  species, Z. parabailii and Z. pseudobailii, the falcon-based HGAP 4 assembly method in SMRT Link
165 portal v7.0 from Pacific Biosciences was used. As the method already includes the error correction of
166 long reads, polishing was continued with lllumina short reads which has lower base calling error. The
167  assembly was polished three times using Pilon software version 1.22. The inverted full size contigs in
168  the assembly with respect to the reference genome were reverse complemented to make the
169  assembly compatible with public reference. The contigs which were partially inverted were left as

170  they were.

171 For the assembly of the Z. bailii genome, the sequencing library was prepared from PacBio high
172  fidelity (HiFi) reads, with lower error rate (similar to lllumina short reads), hence no polishing was
173 required. HiFi reads were obtained via circular consensus sequencing (CSS) from the SMRT Link

174 portal. The reads were then assembled into the draft assembly using the HiFi option of the Canu
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175  assembler. The draft assembly was polished twice with HiFi reads using Racon software. Then, the
176 repetitive haplotypes were cleaned using the Purge Haplotigs pipeline. The remaining contigs were
177  checked for contamination by aligning the assembly to public reference, and by aligning a part of the
178  contigs to the BLASTn database. Finally, for all final assemblies of the three Zygosaccharomyces
179  subspecies, a BUSCO analysis was performed to check the completeness of genomes. The pairwise
180 alignments of genomes were done via the nucmer algorithm from the Mummer 4 package and
181 KeyGene's proprietary STL aligner (multi genome aligner). The multiple genome alignments (as pan
182  genomes) were visualized using Mauve software. All sequences used in this study were submitted to
183  the ENA under the study code PRIEB59101; de novo sequences were assigned the accession
184  numbers GCA_949129065, GCA_949129075 and GCA_949129085 for Z. parabailii (3699), Z. bailii

185 (7846) and Z. pseudobailii (3697), respectively.

186 Genome sequencing of the initial panel of Zygosaccharomyces isolates

187  The 111 isolates from the initial panel (Table S1) were cultured for 24 hours at 25°C in YEPD and
188  genomic DNA (gDNA) was isolated using the CTAB method (Stirling et al. 2003). Some gDNA samples
189 contained evidence of bacterial DNA, therefore, not all strains were included in the library
190 preparation and resequencing. Resequencing was performed by lllumina HiSeq4000 with 2x 125 bp,
191  on two lanes. For all lllumina sequencing, quality control was based on the QC30 threshold (80% of
192 reads with <0.1% chance of miscalled base in all lanes of each run). The raw sequence data were
193  trimmed on a minimum base quality of 30 (Phred scores) and sequences with one or more N-
194 nucleotides were discarded. After trimming and filtering, read pairs for which both pairs had a
195 minimum read length of 50 nt were kept for further analysis. The pre-processed sequencing data
196  was mapped to the reference genome using BWA mem 0.7.17. Duplicated reads in the BAM file
197  were marked by Picard-tools MarkDuplicates (v1.63). SAMTOOLS (v1.3) was used to view, index, sort
198  and to merge the alignment files and the BAM files per sample genotyped using GATK 4. Variants

199  such as SNPs and INDELs were identified using GATK4 Haplotypecaller and were stored in a single
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200  Variant Call Format (*.vcf) file. These variants were filtered on allele quality, sample quality and
201  allele depth. A minimum allele quality of 30, minimum sample quality of 20 and minimum allele
202  coverage depth of 7X were used for filtering. SNPs found in all samples that are identical were
203  discarded as they reflect errors in the reference sequence. The filtered variants were annotated
204  using the gene models with SNPeff. Most genes in Z. parabailii (3699) and Z. pseudobailii (3697)
205  were assigned to the A-subgenome (highly similar to the Z. bailii 7846 genome) or to the other
206  subgenome (i.e. B or C; see below). The long sequence aligner Blasr v1.3 was used in the
207 Bidirectional best hit approach to identify homologs. Only coding sequences were used for this
208  approach, extracted from the annotated gene models. Homologous genes with a high sequence
209  similarity (i.e. above 98%) to Z. baillii genes were assigned to the A-subgenome and genes below the
210  sequence similarity threshold were assigned to the B-subgenome (hybrid genome of Z. parabailii) or
211 C subgenome (hybrid genome of Z. pseudobailii). Phylogenetic trees were constructed based on
212  Genetic Distance Analysis of all open reading frames of sequences assigned to the A genome. The A
213  genome of each sequence was compared to the A genome of Z. parabailii reference strain 3699 and
214  an Unweighted pair group method with the given arithmetic mean (UPGMA) score (Khan et al.,
215 2008) assigned, from which a phylogenetic tree was constructed (Figure S5). All sequences used in
216  this study were submitted to the ENA under the study code PRIEB59101; strain-specific sample

217 numbers are quoted in Table S1.

218 Dose-response curve assay for heteroresistance

219  Yeasts were grown to exponential phase as described above and diluted in YEPD broth to ODgg
220  ~0.02 (inoculum size in 75 pl ~10,000 cells) or ODgge 0.0002 (inoculum size in 75 pl ~100 cells). The
221 use of the different inocula allowed reliable determination of % viability across a wider range of
222 sorbic acid concentrations. Aliquots (75 pl) of each inoculum size were spread across 90 mm
223 diameter Petri dishes containing 20 ml YEPD agar supplemented with different concentrations of

224  sorbic acid (see above). After 21 days static incubation at 23°C, colony forming units (CFU) were

10
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225  enumerated and percentage survival calculated by reference to control CFU counts on agar without
226  sorbic acid. At least three biological replicates were used in each experiment (exact numbers are
227  clarified in figure legends). Each of the biological replicates (from independent experiments) were
228  the average of three technical replicates for each sorbic acid concentration. Percentage survival data
229  was then fitted to a lognormal distribution curve in R software as detailed below (Fitting to normal
230  and lognormal distributions). Values derived with the curve fitting for 1Cso, heteroresistance and

231 concentration at which 0.01% survival would be observed (MIC"°?) were recorded.

232 Inoculum-effect assay for heteroresistance

233 The inoculum effect (Steels et al. 2000) (Box 1) explains how experimentally measured MIC (MIC?)
234 can increase with size of the cell inoculum, as increased cell number increases the chance that the

235 inoculum includes phenotypically-variant cells that are hyper-resistant. Accordingly, the degree to

EXP EXP
C C

236 which the inoculum effect alters Ml is related to the extent of heteroresistance: Ml would

237 not be affected by inoculum size in a completely homogeneous cell population, whereas an impact

238  of increasing inoculum size on MIC™?

will be greater the broader the range of single-cell resistances
239 (Figure 1A). It was reasoned that the magnitude of the inoculum effect could offer a novel,
240  convenient measure of heteroresistance. Dose-response curves of growth-inhibitory effect typically
241  follow a sigmoidal relationship (Stratford et al. 2013b) and have previously been modelled using Hill
242  functions, (Geoghegan et al. 2020, Stratford et al., 2019), indicating a normal frequency distribution
243 of single cell resistances. With that assumption, a relatively small number of MIC*” determinations
244  at defined inoculum sizes becomes sufficient for curve-fitting (Figure 1B, top panel), to enable
245  determination of standard deviation (o) from the hypothetical normal distribution of cell resistances
246 (Figure 1B, bottom panel). This standard deviation reflects the extent of heteroresistance, as if the

247 difference between MIC™* values for different inoculum sizes increases, the normal distribution will

248 have a broader bell curve, reflecting increased heteroresistance. In addition, this curve can be

11
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249  extrapolated to estimate the mean of the normal distribution, reflecting the population-median

250 resistance (ICso, peak of the bell curve).

251 Pre-culture of yeasts was carried out as described above. Exponential phase cells were diluted to
252 ODggo ~0.2 (inoculum size in 75ul ~100,000 cells) and serially diluted three times by 10-fold, giving a
253 lowest ODggg ~0.0002 (inoculum size in 75ul ~100 cells). Aliquots (75ul) of each inoculum size were
254  transferred to wells of a flat-bottom, 96-well microplate (StarLab) and combined with 75ul of YEPD
255  broth pre-supplemented with sorbic acid at double the desired, final sorbic acid concentration. After
256  sealing with insulating tape, microplates were agitated at 600 rev/min for 60 s, placed in a sealed
257 plastic bag, and incubated statically at 23°C for 21 days. The presence or absence of growth was
258 noted visually under ~2X magnification using a magnifying glass. The lowest concentration at which
259 no growth was detected in 21 of four technical replicates was scored as the experimental MIC

260  (MIC®?) for that inoculum from that biological replicate of the relevant isolate.

261 For inoculum effect measurements with the small panel of Zygosaccharomyces strains (Table S3),
262 the procedure was carried out as above but using inoculum sizes of 10°, 10*, 10° and 107 cells/well,
263  with concentration increments of 0.125 mM sorbic acid. For these particular assays, precise
264  inoculum size was verified by plating 75ul aliquots of the ODgy ~0.0002 suspension (100 cells) on
265  YEPD agar and incubating at 23°C for 7 days, the corresponding colony count was taken as the

EXP

266 inoculum size of the lowest inoculum. The MIC™ results were fitted to a normal or lognormal

267 distribution curve as described below.

268 Fitting to normal and lognormal distributions

269 Royston et al. (1982) describe a formula to determine the expected value of the maximum of n
270 random variables from a normal distribution (x4, ..,Xy), in terms of the theoretical mean (u) and SD

271 (o) of that distribution (Eq.1).

E[max(xq,..,%X,)] = + 0 * gnorm((n —1/8)/(n — /4 + 1)) (Eq.1)

12
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272

273  Assuming that the frequency distribution of antimicrobial resistance of n single cells from a
274 homogeneous cell culture is approximated by a normal (or log-normal) one, this equation can be
EXP

275  used to find the IC5, (the mean) and heteroresistance (the standard deviation) using data for MIC

276  and their corresponding inoculum sizes (x).

277 Equation 1 was fitted to experimental data using non-linear least squares fitting, by using the nls()
278 function in R, to return ICsq and heteroresistance values for each biological replicate. These were
279  then used to calculate MICY°" by taking the concentration value at the 99.99th percentile of the
280  curve (where growth inhibition would occur in 99.99% of cells; Box 1). For each parameter, the mean

281  and standard error of the mean (SEM) across biological replicates were taken.

282 Plotting of curves for MIC™” versus inoculum size was carried out using the ggplot package in R.
283 Bootstraps to display 95% confidence interval of the line fitting were calculated using the Boot

284  function in the ‘car’ package in R.

285 For dose-response data, sorbic acid concentration values and their corresponding percentage
286  survival values were fitted to one minus a cumulative normal distribution function with mean and
287  standard deviation equal to theICspand heterogeneity, respectively. Fitting was done using
288 the nls() function in R software. Mean and SEM of each parameter were taken from the fitted curve

289  asfor dose response curves detailed above.

290 Normal or lognormal distribution curves fitted to data were displayed in R (ggplot package), in the
291  case of inoculum effect data, and were displayed using the plot() function in MATLAB R20119b in the
292  case of dose-response curve data. Box and whisker plots, bar charts and correlation plots were
293 produced using Graphpad PRISM 9™ software. Correlations containing points with error bars were

294 produced using Microsoft Excel.

295 Simulations
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296  Simulation of hypothetical normal distributions for single cell resistances of organisms (for
297 illustration of the inoculum effect concept) were produced using MATLAB R20119b. The Normal
298 Probability Density Function (normpdf) was used to plot frequency distributions for low and high
299 heteroresistance organisms (u=5, 0=0.1 and p=5, 0=0.1, respectively) with the frequency distribution

300 divided by ten to simulate the small inoculum size.

301 Data availability

302  All data are available in the present results section, in the supplemental material or on request.

303 Genome sequence accession or sample numbers (ENA) are given above and in Table S1.
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304 Results

305 Use of the inoculum effect for determining heteroresistance

306 In order to assess the contributions made by phenotypic heterogeneity (specifically, sorbic acid
307 heteroresistance) and ICsg to the MIC, across large panels of species or strains, a new assay for
308 measuring these parameters was developed based on the ‘inoculum effect’ (See methods; Steels et
309 al. 2000), to allow higher throughput than traditional measurements of heteroresistance such as.
310 from agar-based dose-response curve assays (Hewitt et al., 2016). Briefly, this method fitted a
311  normal distribution curve of single cell resistances to experimental MIC (MIC™*) values, by modelling
312 MICE? for a given inoculum as its corresponding point on the normal distribution curve (Figure 1B,
313 top), e.g., MIC™® for 100 cells/well is the point were 1 in 100 cells would survive, MIC*” for 1000
314 cells/well is the point were 1 in 1000 cells would survive, etc. (see Methods). The median and
315  standard deviation of the fitted normal distribution curve (Figure 1B, bottom) could then be taken as

316  the ICso and heteroresistance respectively.

317 For purposes of curve fitting, lognormal distributions were adopted as these gave better fit to dose
318 response curve data than normal distributions (Figure S1). In addition, possible effect specifically of
319 cell density (cell concentration) on the probability of growth occurring in a well was evaluated, e.g.,
320 due to stressor saturation or quorum sensing-type phenomena, as such effect could complicate
321 interpretation of the inoculum effect which infers a total cell number effect. Only a minor possible
322  effect of cell density was apparent, and similarly in high or low heteroresistance isolates (Figure S2).
323  This result supported the inference that differences measured with inoculum effect methodology
324  primarily reflected differences in heteroresistance rather than effects attributable to altered cell

325  density.

326 To further assess the use of the inoculum effect method, ICs, (Figure 2A), heteroresistance (Figure

327 2B) and MIC (Figure 2C) determinations for six randomly selected strains from the
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328  Zygosaccharomyces panel (Table 1) were compared between the inoculum effect method and the

329  dose-response curve method. The parameter MICVOP

was also taken, defined as the lowest
330 concentration giving 99.99% inhibition of cell growth (Box 1) and consistent with previous
331 publications in this field (Stratford et al. 2013b, 2014). This was calculated using the equation for the
332 lognormal distribution curve fitted to MIC™ data (as in Figure 1B). For inoculum effect assays
333 (carried out in broth), heteroresistance showed a moderately strong, significant correlation with
334 heteroresistance values derived from dose-response curves (r=0.74), while ICsq and MICMOPEL 3l1s0
335 showed strong correlations between the assays (r=0.853 and 0865, respectively). The inoculum
336  effect assay was repeated on agar to assess possible effects of broth- versus agar-based assay
337 formats (as in the above comparison) on the outcomes (Figure S3). Similar correlations were
338 obtained as above indicating that for all the test parameters (ICso, heteroresistance and MICMODEL),
339  dose response results generally compare well with inoculum effect results obtained either in broth
340 or on agar. These results supported use of the inoculum effect methodology, using a lognormal
341 distribution for data, as an alternative heteroresistance assay to the established, but time-
342  consuming dose-response curve method. Further assays below used the broth condition for

343 inoculum effect assay, which offers higher throughput than on agar and is a condition also more

344 relevant to the beverages and other product types in which sorbic acid is normally used.

345 High-throughput determination of survival parameters for Zygosaccharomyces isolates

346  To investigate relationships between heteroresistance or 1Cs, with MICYO%E:

, we applied the
347 inoculum effect methodology to a panel of Zygosaccharomyces sp. lIsolates. To select strains for
348  study, an initial panel of 111 yeasts isolated from foods (see Table S1) were whole-genome
349  sequenced (WGS); most of these had previously been considered as Z. bailii isolates (Stratford et al.
350 2013b, 2014, 2019). The sequencing revealed that several isolates previously characterised as Z

351  badilii were in fact Z. parabailii or Z. pseudobailii (see Methods). These species are known interspecies

352 hybrids formed between Z. bailii and unknown, closely related ancestors. From these 111 isolates,
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353  for further study a panel of 29 strains were selected, to include isolates sampled from across the
354 span of the phylogenetic tree (Figure S5) and diverse sources of isolation. This ‘Main
355  Zygosaccharomyces panel’ comprised 5, 17 and 7 isolates of Z. bailii, Z. parabailii and Z. pseudobailii
356 respectively (Table 1). For parameter measurement (heteroresistance, 1Cso and MICY°?®) inoculum

EXP

357  effect methodology was used, with curves fitted to MIC™ values taken at 10° and 10* cells/well.

358  There was considerable variation in heteroresistance, 1Cso, and MICVOPE

among isolates of the panel,
359  with ranges of approximately 0.03-0.11, 2.3-5.4 and 4.3-9.2 mM for heteroresistance, ICs, and
360 MICYOPE respectively (Table 1; Figure 3A). Analysis for each subspecies indicated that Z. pseudobailii
361 had a significantly greater mean heteroresistance than Z. parabailii and Z. bailii, whereas the mean
362 ICso for Z. pseudobailii was significantly lower than for Z. parabailii (Figure 3B). There were no
363  significant differences in average MICV??" between the different subspecies (two sample t-test

364  assuming unequal variances), although there was both a broader spread of values and relatively low

365 mean for Z. bailii isolates (Figure 3B).

MODEL ‘the correlation

366 To further investigate the relationships between heteroresist