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ABSTRACT 22 

During the last two decades, Bacillus megaterium has been systematically developed for the 23 

gram-per-liter scale production of recombinant proteins. The plasmid-based expression systems 24 

employed use a xylose-controlled promoter. Protein production analyses at the single cell level 25 

using green fluorescent protein as a model product revealed a cell culture heterogeneity 26 

characterized by a significant proportion of low-producing bacteria. Due to the enormous size of 27 

B. megaterium, such bistable behavior seen in subpopulations was readily analyzed by time-lapse 28 

microscopy and flow cytometry. Cell culture heterogeneity was not simply caused by plasmid 29 

loss: Instead, an asymmetric distribution of plasmids during cell division was detected during the 30 

exponential growth phase. Multi-copy plasmids are generally randomly distributed between 31 

daughter cells. However, in vivo and in vitro experiments demonstrated that under conditions of 32 

strong protein production, plasmids are retained at one of the cell poles. Furthermore, it was 33 

found that cells with accumulated plasmids and high protein production ceased cell division. As a 34 

consequence, the overall protein production of the culture was mainly achieved by the 35 

subpopulation with a sufficient plasmid copy number. Based on our experimental data, we 36 

propose a model whereby the distribution of multi-copy plasmids is controlled by polar fixation 37 

under protein production conditions. Thereby, cell lines with fluctuating plasmid abundance 38 

arise, which results in population heterogeneity. Our results provide initial insights into the 39 

mechanism of cellular heterogeneity during plasmid-based recombinant protein production in a 40 

Bacillus species.  41 
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INTRODUCTION 42 

The Gram-positive Bacillus group is central to the industrial and biotechnological production of 43 

proteases, amylases, antibiotics and special chemicals on a ton scale. Bacillus subtilis, Bacillus 44 

licheniformis, Bacillus amyloliquefaciens and Bacillus megaterium are only some examples of 45 

this commercially important class of bacteria (1, 2). More specifically, B. megaterium is an 46 

attractive host for heterologous protein production. In particular, its lack of endogenous 47 

endotoxins and alkaline proteases, its stable maintenance and replication of plasmids, a strong 48 

protein secretion system and its capacity to grow on various cheap carbon sources are important 49 

criteria for its successful application in biotechnology industries (3, 4). At approximately 4 x 1.5 50 

µm in size, it is one of the largest known bacteria, exhibiting a 100-times greater volume than 51 

Escherichia coli (5).  52 

We constructed a series of plasmids with the aim of producing recombinant protein. These 53 

expression systems utilized a strong xylose-inducible promoter, PxylA, part of the B. megaterium 54 

xylABT operon (6). The xylA and xylB genes encode enzymes involved in xylose degradation, 55 

while xylT encodes a xylose transporter. In the absence of xylose, the expression of the operon is 56 

repressed by the xylose repressor, XylR, while in the presence of xylose, the expression of the 57 

operon is derepressed. The xylR gene is located upstream to the xylABT operon, is transcribed in a 58 

divergent direction and is negatively autoregulated (7). For the construction of a xylose-inducible 59 

expression system, the xylR gene, with its corresponding promoters PxylR and PxylA, were cloned 60 

into a freely replicating, broad-host-range plasmid and further optimized by introducing strong 61 

promoter elements (8). The plasmidless B. megaterium strain, DSM319, is usually employed as 62 

production host (9). As a model protein product for the expression system, the gene for the 63 

readily detectable green fluorescent protein (GFP) was used. In a previous study, up to 1.25 g 64 
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GFP/L were produced using the developed vector system (10). However, the culture showed a 65 

significant amount of protein production heterogeneity at the single cell level. Flow cytometry 66 

analyses of GFP-producing B. megaterium grown in a bioreactor revealed a stable subpopulation 67 

of about 30% low producers, even under strong, selective conditions (11). Low-producing cells 68 

were found alive, indicating the stable formation of a subpopulation within a culture of clonal 69 

cells. Moreover, these cells were still proliferating, which excluded persistence as a reason for 70 

low production. These observations are of significant commercial interest, since the growth of 71 

low-producing subpopulations consumes valuable resources during protein production processes. 72 

Here, we investigated this bimodal production behavior of individual cell lineages to elucidate its 73 

underlying mechanistic principles. Subpopulations were analyzed via single cell analyses using 74 

flow cytometry and time-lapse microscopy. In order to study, at the molecular level, the influence 75 

of plasmid copy number on bimodal production behaviour, we observed plasmid abundance and 76 

localization. In addition, fluorescence in situ hybridization (FISH) was employed for the direct 77 

cellular localization of plasmids. Our data suggest that the observed bimodality was not a product 78 

of differential gene regulatory circuits but, rather, a matter of unequal plasmid distribution 79 

between daughter cells, even under selective conditions. In particular, the common assumption 80 

concerning free plasmid diffusion is questioned and a mechanism leading to the unequal 81 

distribution of plasmids is proposed. Our results provide new insights into the distribution of 82 

heterologous multi-copy plasmids during the process of recombinant protein production.83 
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MATERIALS AND METHODS 84 

 85 

Strains, media, plasmids and primers 86 

Bacillus megaterium DSM319 (9) was grown in A5 medium (8) containing 30 g/L fructose 87 

instead of glucose and supplemented with 10 µg/mL tetracycline. Cell cultures were performed 88 

either as a batch culture or in a BioLector microbioreactor system (m2p-labs, Baesweiler, 89 

Germany). The E. coli strain DH10B (Invitrogen Life Technologies, Carlsbad, CA, USA) was 90 

used for all cloning purposes. All plasmids and primers used in this study are described in Table 91 

1. All shown studies were based on the pSSBm85 plasmid or derivatives of it (10). This plasmid 92 

carries the gfp+-gene (herein referred to as gfp, with GFP for the encoded protein, respectively), 93 

a variant of the wild-type gfp whose gene product exhibits increased fluorescence (12). This gfp 94 

variant was originally described for the pMUTIN-GFP+ plasmid (13). For the construction of a 95 

C-terminal XylR-mCherry fusion encoded in our expression system, the following steps were 96 

carried out: Starting with the pSSBm85 plasmid (10), the stop codon of xylR was replaced by a 97 

new KpnI site. This was accomplished by the introduction of a synthetic AflII/SpeI fragment 98 

comprising the whole xylR gene (GeneArt Life Technologies, Carlsbad, CA, USA) resulting in 99 

pKMMBm1. The oligonucleotides, xylR-mCherry for and xylR-mCherry rev, were used as 100 

primers to amplify the mcherry gene from the pJS72 plasmid (14) with the introduction of 101 

flanking AflII and KpnI restriction sites. The xylR-mCherry fusion (pKMMBm2) was realized by 102 

cloning the mcherry encoding AflII/KpnI fragment downstream of xylR into an AflII/KpnI cut 103 

pKMMBm1 (Fig. S1). The ∆xylR mutant plasmid, pKMMBm5, was created by cutting the 104 

XmaI/KpnI fragment from pKMMBm1, thus removing the xylR gene, generating blunt ends 105 
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using Klenow polymerase and religating the plasmid. For pRBBm99, pSSBm85 was cut with 106 

AflII/SphI, blunt ends were generated and the plasmid was religated. 107 

 108 

 109 

Flow cytometry and cell sorting 110 

Flow cytometry and cell sorting were performed using a Cube8 (Sysmex Partec, Münster, 111 

Germany) and a FACSAria II (Becton-Dickinson, Mountain View, CA) flow cytometer, 112 

respectively. For this purpose, B. megaterium cells were grown for six h, diluted to an OD595 of 113 

0.05 and further cultured in A5 media supplemented with 10 µg/mL tetracycline. Induction of 114 

gene expression with 0.5 % xylose was carried out at an OD595 of 0.2. The culture was harvested 115 

and washed twice with 1× PBS. For flow cytometry, cells were sonicated and diluted to a final 116 

concentration of 106 cells/sample. Finally, 105 events were counted. For cell sorting, 117 

approximately 106 – 107 cells were recovered. Data analyses were performed in R Bioconductor 118 

using flowCore and flowViz software packages (15, 16). 119 

 120 

 121 

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) 122 

B. megaterium carrying the pSSBm85 plasmid was cultivated aerobically in A5 medium 123 

containing 10 µg/mL tetracycline. A five-hour preculture was diluted to an OD578 of 0.05 and 124 

gene expression was induced by the addition of 0.5% xylose after 1.5 h in the early exponential 125 

phase. Producing cells were harvested and sorted, after an additional hour, into fractions of GFP- 126 



7 
 

high and low producers. Total RNA was isolated from the sorted cells, purified using an 127 

innuPREP RNA Mini Kit and DNA removed with an innuPREP DNase I Digest Kit (Analytik 128 

Jena, Jena, Germany). RNA purity was checked using a 2100 Bioanalyzer (Agilent Technologies, 129 

Santa Clara, CA, USA); RNA integrity numbers (RINs) of between 8.2 – 10.0 were achieved. 130 

First-strand cDNA synthesis was performed with SuperScript II reverse transcriptase and 131 

hexameric random primer oligonucleotides (Invitrogen Life Technologies, Carlsbad, CA, USA). 132 

RNA was degraded using 200 mM NaOH and 100 mM EDTA, neutralized with 200 mM HEPES 133 

and 1.2 M sodium acetate, and was further purified using a PCR-Purification Kit (Qiagen, 134 

Hilden, Germany). Quantitative real-time PCR was performed on a CFX96 real-time PCR 135 

detection system (Bio-Rad, Hercules, CA, USA). The 20 µL final reaction mixture contained 136 

5 ng of cDNA, 10 µL of SsoFast EvaGreen supermix (Bio-Rad) and 20 pmol of each appropriate 137 

primer (Table 1). The relative quantification of gene expression was determined using the 138 

efficiency-corrected relative quantification method (17), and a model-based estimation of real-139 

time PCR amplification efficiency (18) improved with a log-logistic 5 parameter model (19). 140 

Reference genes were determined and validated using the geNorm algorithm in the R 141 

Bioconductor package SLqPCR (20). As reference genes, rpoB (RNA polymerase beta subunit), 142 

gyrB (DNA gyrase subunit B), heli1 (SNF2 helicase-associated protein) and heli2 (SNF2 family 143 

helicase) were finally chosen. Data analysis for the calculation of Cq values, relative expression 144 

ratios and statistics were carried out using the qpcR package (21). 145 

 146 

 147 

Microscopy and image analysis 148 
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Fluorescence time-lapse microscopy was performed with an Axiovert 200M microscope (Zeiss, 149 

Jena, Germany), an Axiocam CCD camera (Zeiss) and a Heating System 1 microscope incubator 150 

(ibidi, Martinsried, Germany). An agar block method for the preparation of cells and live-cell 151 

imaging was used (22). The agarose pad was prepared using A5 medium supplemented with 152 

1.5% agarose, 0.5% xylose and 10 µg/mL tetracycline in low 35 mm µ-dishes coated with 153 

ibiTreat (ibidi Labware, Martinsried, Germany). For DAPI staining, living cells taken from a 154 

culture two h after gene induction were incubated for 5 min in 300 nM DAPI dihydrochloride 155 

(Invitrogen Life Technologies, Carlsbad, CA, USA). Cells were washed three times with A5 156 

media and pipetted onto an agarose pad as previously described (22). Automated image capture 157 

was performed every 5 min at an incubation temperature of 37°C. Image analyses were done 158 

using Axiovision 4.8 (Zeiss) and TLM-Tracker software (23). Bimodal cell lineage distributions 159 

were analyzed using the diptest R package1.  160 

 161 

 162 

Fluorescence in situ hybridization 163 

The preparation of FISH probes was performed as described previously (24, 25). For this 164 

purpose, pRBBm99 or pBC16 (26) vector DNA was digested in fragments ranging from 20–165 

280 bp using 4-base cutting restriction enzymes (AluI, HaeIII, MseI, MspI, RsaI and Sau3AI) and 166 

subsequently labeled with Cy3-dCTP (GE Healthcare, Amersham, UK) by terminal transferase 167 

(New England Biolabs, Ipswich, MA, USA). FISH was performed as detailed previously (27), 168 

with modifications made in washing steps (25). In addition, fixed cells were treated with 169 

lysozyme (2 mg/mL) for 10 min at 37°C. Fixation and staining were performed on a flat, 18-well 170 

                                                            
1 http://CRAN.R-project.org/package=diptest 
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µ-slide coated with poly-L-lysine (ibidi Labware). The detection of cell boundaries was 171 

performed using TLM-Tracker image processing software (23). 172 

 173 

 174 

Data analysis and mathematical modeling 175 

Data analysis and mathematical modeling were performed using R (R Development Core Team, 176 

2010), Bioconductor (28) and simbTUM2 software. Employed R packages were listed under the 177 

respective methods.  178 

                                                            
2 http://sourceforge.net/projects/simbtumtum/ 
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RESULTS 179 

 180 

Heterogeneity of recombinant GFP production by B. megaterium 181 

We previously observed a continuous population heterogeneity during high level GFP production 182 

by B. megaterium growing in a bioreactor (11). In order to understand the dynamics of this 183 

phenomenon, a growing population was further investigated at the single cell level. Firstly, 184 

recombinant gene expression of a B. megaterium culture containing the GFP production plasmid, 185 

pSSBm85 (10), was induced by the addition of xylose in the early exponential growth phase, and 186 

cells analyzed afterwards by flow cytometry at various time points. As expected, prior to the 187 

induction of gene expression, cells did not produce a significant amount of GFP product. 188 

However, a large fraction of cells (about 72%) showed very low GFP levels, indicating a basal 189 

expression rate by the PxylA promoter in the absence of xylose (Fig. 1A). With time, an increasing 190 

fraction of cells began to produce high amounts of GFP; however, for considerable subpopulation 191 

proportions of 29.1% (one h after induction), 16.9 % (two h after induction) and 11.1% (three h 192 

after induction), respectively, no or low levels of GFP protein were detected (Fig. 1B – D). Five h 193 

after xylose addition and upon entering the stationary growth phase, major parts of the population 194 

shifted into a production state (Fig. 1E). Finally, in the late stationary phase, the recombinant 195 

GFP production rate became reduced again and regressed towards the initial GFP production 196 

pattern observed prior to xylose addition (Fig. 1A + F). Thus, a marked protein production 197 

heterogeneity was obvious during the plasmid-based recombinant production of GFP in B. 198 

megaterium.  199 

 200 
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 201 

Bistability is not mediated by positive feedback via the xylose transporter 202 

The non-uniform gene expression in clonal cell cultures that results in distinct subpopulations is 203 

commonly known as bistability. This phenomenon is usually caused by positive feedback loops 204 

in gene-regulatory circuits (29). Bistable behavior was also observed for the structurally similar 205 

lac operon of E. coli after the induction of gene expression with lactose (30). In the lac system, 206 

the repressor LacI becomes inactivated by lactose and derepresses genes for lactose catabolism. 207 

Here, bistability is mediated by positive feedback via the increased formation of the lactose 208 

permease, LacY, which facilitates lactose uptake into the cell, which, in turn, inhibits repression 209 

by LacI. In order to test if the outlined scenario applies to our observation for the B. megaterium 210 

xyl operon, we investigated this transporter-inducer feedback loop in our system. Expression 211 

levels of the xylose repressor gene, xylR, and the xylose transporter gene, xylT, in high- and low-212 

producing cells were analyzed in greater detail. Induced cells were sorted according to their GFP 213 

content into two fractions. Firstly, sorted low-producing cells were plated onto A5 media agar 214 

plates supplemented with 0.5% xylose. However, it became obvious that these cells were still 215 

capable of producing large quantities of GFP, which excluded mutations or complete plasmid 216 

loss. The qRT-PCR analyses of sorted cells from both subpopulations revealed mRNA ratios of 217 

the genes involved in the expression system. In high-producing cells, the expression of xylR and 218 

gfp were induced about 150- and 500-fold, respectively, while the xylose transporter gene, xylT, 219 

remained unaffected (Fig. 2). Although, xylT is the last gene of the xylABT operon, it seems to be 220 

uncoupled from the XylR-mediated regulation of xylA. This finding can be explained by the 221 

existence of an internal transcriptional terminator within the operon upstream of xylT (31). In 222 

agreement, xylT mutants of B. megaterium continued to show the observed culture heterogeneity 223 
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(unpublished data). Thus, in contrast to the lac system, the observed phenotype seems not be 224 

mediated via induction of the sugar transporter. The observation that high amounts of GFP 225 

product correlated with strong induction ratios of both gfp and xylR led to the idea that the arising 226 

heterogeneity is a gene dose effect, most likely mediated by unevenly distributed plasmids. 227 

 228 

 229 

Unequal distribution of recombinant plasmids to daughter cells after cell division 230 

In order to obtain deeper insights into the dynamics of the emerging heterogeneity in the bacterial 231 

population, time-lapse microscopy movies were recorded of a growing microcolony producing 232 

GFP in response to xylose. B. megaterium is a bacterium particularly well-suited for live cell 233 

imaging due to its large size relative to other bacteria. We observed that a few scattered cells 234 

produced GFP during the first 2 h after xylose addition (Fig. 3A). However, what was 235 

particularly striking in regards to GFP production by these cells was that cell division in a GFP-236 

producing cell was followed by one daughter cell continuing GFP production, while the second, 237 

seemingly genetically identical, daughter cell pausing in its production of GFP. In addition, not 238 

only was GFP production interrupted in the second daughter cell, GFP abundance even 239 

decreased, suggesting its dilution or even its degradation after cell division (Fig. 3B – E). Such 240 

phenomena were observed, almost without exception, for all cells in the growing B. megaterium 241 

microcolony (Movie S1). As a result, some individual cell lines produced large amounts of GFP 242 

while the rest of the population remained low producers (Fig. 3F). We hypothesized that such an 243 

observation could only be explained by the unequal distribution of cellular components required 244 

for recombinant protein production. However, during growth of the microcolony, an increasing 245 
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number of cell lines apparently reached the high-producing state, which finally lead to a shift of 246 

the overall population towards GFP production.  247 

Possible candidates that might cause such an uneven distribution of cellular components resulting 248 

in the observed production differences of GFP were either the recombinant plasmid itself and/or 249 

the XylR repressor. To investigate the influence of XylR, we first constructed a plasmid lacking 250 

the xylR gene, named pKMMBm5. After transformation of our wild-type strain, we did not obtain 251 

a real null-mutant because one xylR copy was still present in the genome of DSM319. However, 252 

the number of free XylR proteins in this strain in relation to the available XylR-binding sites on 253 

the multi-copy plasmid was postulated to be negligible. This was confirmed by analyzing a 254 

completely xylR deficient mutant, WH321 (ΔxylR) (32) carrying pKMMBm5, for which culture 255 

heterogeneity remained (Fig. S2). In agreement with this assumption, B. megaterium DSM319 256 

carrying the pKMMBm5 plasmid permanently produced GFP in the absence of xylose. An 257 

analysis of time-lapse movies revealed that, in this case, a separation into high- and low-producer 258 

cell lines also took place (Movie S2). Thus, the behavior of these strains was virtually identical to 259 

that of the parental strain expressing xylR from the pSSBm85 plasmid (Movie S1). In order to 260 

monitor the distribution of recombinant plasmid and XylR repressor to daughter cells during cell 261 

division, we fused XylR at its C-terminus to the red fluorescent protein, mCherry. The resulting 262 

recombinant plasmid was termed pKMMBm2 (Fig. S1). With this approach, it was possible to 263 

determine the relationship between GFP production and XylR abundance by measuring green and 264 

red fluorescence, respectively. Additionally, the in vivo visualization and localization of plasmids 265 

was possible by the XylR-mCherry bound to plasmid-encoded, XylR binding sites. Our approach 266 

was sufficiently sensitive, with only two XylR binding sites per plasmid, due to the multi-copy 267 

nature of the used plasmid. We were fully aware of the localization problems related to mCherry 268 
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fusion proteins (33). Consequently, an independent experimental approach via FISH was also 269 

employed (see below).  270 

Time-lapse movies with B. megaterium carrying the pKMMBm2 plasmid revealed a unique 271 

spatial expression pattern. After the induction of gene expression, GFP production by various cell 272 

lineages was identical to the parental strain, with native XylR encoded by the pSSBm85 plasmid. 273 

In addition, some cells then generated strong red tips, indicating XylR-mCherry-plasmid 274 

complexes asymmetrically distributed to the cell poles, while other cells showed a weak, but 275 

equal, distribution of XylR-mCherry. On closer inspection of the chronological sequence of 276 

images, red tips were seen to frequently occur at the marginal cells of growing cell chains (Fig. 277 

4A – D, Movie S3, S4). At first glance, this surprising pattern strongly suggested that after cell 278 

division, XylR-plasmid complexes accumulated at the old cell poles and that segregation of 279 

plasmids by free diffusion to the new cell pole was somehow inhibited. At a later growth phase, 280 

some red-tip cells became deeply red, lacked GFP, and stopped dividing, while neighboring 281 

producer cells continued to grow (Fig. 4E, Movie S5). The latter, deeply red cells appeared to 282 

accumulate plasmid XylR complexes while GFP became degraded. The noted cessation of cell 283 

division was in good agreement with the observation that, in later growth phases, cells with 284 

strong red fluorescence were almost exclusively found at the end of cell chains (Fig. S5A). 285 

     286 

 287 

Cell lineage analysis revealed asymmetric plasmid distribution and plasmid accumulation 288 

at cell poles 289 
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In order to better understand the nature of plasmid transmission, cell lineage analyses of a 290 

growing microcolony of B. megaterium DSM319 carrying the pKMMBm2 plasmid (producing 291 

the XylR-mCherry variant) were performed. For this reason, image analyses of successive frames 292 

derived from time-lapse movies were carried out (23). This approach involved a segmentation 293 

step, in which cells were spatially recognized, and a tracking step, in which cells were temporally 294 

connected from frame to frame. In addition, red and green fluorescence in relation to the pole age 295 

were determined for each cell at each time point. The final result was a cell lineage tree giving 296 

detailed information about the dynamics of cell divisions events, plasmid distribution and GFP 297 

production. The appearance of red cell lines in the tree reflected XylR-mCherry-plasmid 298 

complexes and the tree also showed the corresponding asymmetrical, plasmid distribution 299 

behavior (Fig. 5A and S3). 300 

In order to determine the fraction of plasmids inherited from the mother cell, the ratio between 301 

the red fluorescence of each daughter cell divided by the sum of the red fluorescence of both 302 

daughter cells was calculated. Thus, values around 0.5 reflected equal distribution while 303 

significantly lower and higher values indicated unequal distributions. Histograms of the 304 

calculated segregation ratios showed a bimodal distribution for the strongly fluorescent cells, 305 

while mother cells with low fluorescence revealed normal distributions (Fig. 5B). These results 306 

confirmed the observation from the preceding section that asymmetric red tip cells were only 307 

produced in the presence of strong XylR-mCherry signals. Moreover, the applied co-localization 308 

technique was not sensitive enough to visualize single scattered plasmids within the cell, so 309 

strong noise around the mean was to be expected at low signals. 310 

The Hartigan's dip test was applied to quantify the observed bimodality (34). For strong 311 

fluorescence signals (5% of the highest fluorescent mother cells), a P value of 6.3E-4 was found, 312 
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indicating a high significance for a bimodal distribution. The applied mixture model used to 313 

characterize the total population (Fig. 5B) provided evidence for a distribution mechanism 314 

dependent on the cellular plasmid concentration. When the plasmid concentration was rather low, 315 

both daughter cells usually received almost the same number of plasmids. At higher cellular 316 

plasmid concentrations, an unequal distribution led to considerable differences in the plasmid 317 

concentration of the daughter cells. Unequally distributed plasmid complexes were found at both 318 

the old and new cell pole. Thus, the described phenomenon seemed to be of a stochastic nature 319 

and not related to cell pole aging. 320 

 321 

 322 

Retention of plasmids is linked to protein biosynthesis 323 

In order to measure the influence of protein production on the distribution of the plasmids, we 324 

performed FISH analyses for the direct detection of cellular plasmids (25). Using Cy3-labeled 325 

plasmid probes, we directly visualized the pSSBm85 plasmid in cells during the exponential 326 

growth phase. Results clearly confirmed that under conditions of induced GFP production, 327 

plasmid DNA became asymmetrically localized to one of the cell poles in the largest proportion 328 

of cells (Fig. 6A). Moreover, a few cells exhibited an extremely strong FISH signal, confirming 329 

plasmid accumulation in these cells as detected by time-lapse microscopy. In contrast, 330 

recombinant B. megaterium cells grown without the addition of the inducing xylose were largely 331 

missing the observed unequal distribution of plasmids (Fig. 6B). This led to the conclusion that 332 

protein biosynthesis strongly influenced the distribution mechanism of the plasmids. As a further 333 

control, we performed FISH experiments with B. megaterium carrying the 4.6 kB pBC16 334 

plasmid, which is a precursor of our 7.2 kB pSSBm85 GFP production plasmid (26). In this case, 335 
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a solely equal plasmid distribution was also observed. Interestingly, signals were detected as 336 

distinct groups of foci distributed all over the cell (Fig. 6C). We also tested pBC16 in Bacillus 337 

subtilis with similar results (Fig. 6D). 338 

 339 

 340 

Nucleoid overlaps with plasmid location but is restricted to central parts of the cell  341 

Next, we analyzed if plasmid localization was influenced by the chromosomal DNA of the 342 

nucleoid. It has been shown that for smaller bacteria such as E. coli, high-copy plasmids simply 343 

occupy the nucleoid-free space within the bacterial cell (35). For the in vivo co-localization of 344 

plasmid and nucleoid DNA, the pKMMBm2 system was used in combination with DAPI staining 345 

of DNA. Various stages of cell division were analyzed. Prior to cell division, the nucleoid was 346 

localized in the central part of the cell (Fig. 7, 1st row). At this stage, the XylR-mCherry-plasmid 347 

complexes were mainly distributed all over the cell, including the cell poles. In the course of cell 348 

division, plasmid complexes were subsequently localized at one of the cell poles of the daughter 349 

cells, whereas the nucleoid was segregated close to the new poles (Fig. 7, 2nd row). Finally, after 350 

cell division, the whole cell was occupied by the plasmid DNA whereas the nucleoid DNA was 351 

restricted to the middle part. Due to asymmetric plasmid distribution, terminal cells of cell chains, 352 

especially, contained high amounts of XylR-plasmid complexes (Fig. 7C, 3rd row).  353 

 354 

 355 

Influence of unequal plasmid distribution on protein production dynamics 356 
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The possible influence of population heterogeneity on heterologous protein production processes 357 

was, subsequently, systematically analyzed. Two striking effects with major influences on protein 358 

production dynamics have been observed so far. Firstly, flow cytometry data showed that the 359 

degree of heterogeneity was highest during the first three h after induction, comprising the early 360 

exponential growth phase (Fig. 1). During this stage, the population consisted of high-producing 361 

cells with a high plasmid copy number and low-producing cells with low plasmid copy number. 362 

Secondly, a subpopulation of cells with highly accumulated plasmids was formed which finally 363 

lead to a termination of cell division (Fig. 4E). As a result, after induction, only the subpopulation 364 

carrying many plasmids produced large amounts of product. Time-lapse movies showed that 365 

these early producers showed reduced growth and cells with too many accumulated plasmids 366 

even stopped growing, whereas the subpopulation carrying fewer plasmids continued to grow 367 

(Movie S5). In the short term, both a shift and selection towards low producers were expected. In 368 

the long term, the number of low-producing cells with accumulated plasmids was expected to 369 

increase, which is not desirable for biotechnological processes. Consequently, we expected a 370 

complex relationship between growth rate, plasmid abundance and GFP production rate. In order 371 

to experimentally investigate this effect in more detail, we measured the growth behavior and 372 

GFP production of batch cultures in a micro bioreactor at various times after the induction of 373 

GFP production by xylose. The first striking observation was that, independently of the time of 374 

gene induction, cells stopped growing after 4 – 5 h. At the same time, GFP production stopped 375 

and, in due course, GFP became actively degraded. A disintegration of GFP could be excluded as 376 

the in vivo half-life of GFP in B. megaterium was determined to be at least 9.5 h (Fig. S4). The 377 

effect described above, namely the shift between high and low producers, could indeed be 378 

observed in the form of a delayed production showing an inflection point, especially for early 379 

induction times (Fig. 8). This production behavior fitted a mathematical model dealing with two 380 
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subpopulations (supplemental material, Fig. S6). Another pertinent observation was that for early 381 

time points, the noise of the measured GFP production was greater, suggesting a stochastic 382 

plasmid distribution process. In summary, the observed unequal plasmid distribution obviously 383 

influences the dynamics and yield of the recombinant GFP production process in B. megaterium. 384 

 385 

 386 

Model of plasmid distribution in recombinant protein-producing B. megaterium 387 

We integrated our results into a model that explained the observed population heterogeneity 388 

during recombinant protein production (Fig. 9). Starting from a state of equal plasmid 389 

distribution, cells began to produce GFP. Prior to cell division, a major proportion of plasmids 390 

remained at the cell poles. Subsequently, this polar fixation led to daughter cells with high and 391 

low plasmid abundance. In turn, these differences in gene dose caused by different copy numbers 392 

directly influenced the degree of recombinant protein production. As a consequence, cell lines 393 

with high- and low-producing cells arose. The observed, characteristic pattern of neighboring 394 

producing- and non-producing cells in combination with red tipped cells in growing cell chains of 395 

B. megaterium mirrored our model directly (Fig. 3 and 4, Movie S1 – S4).  396 

397 
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DISCUSSION 398 

We provide evidence to show that unequal plasmid distribution by polar fixation is the major 399 

reason for population heterogeneity during recombinant plasmid-based protein production in B. 400 

megaterium. Our postulated mechanism of plasmid distribution contradicts the commonly 401 

assumed free diffusion of multi-copy plasmids with respect to the protein production conditions 402 

used. In our study, an uneven distribution of plasmids led to an immediate decrease in product 403 

production rates in daughter cells with lower plasmid concentrations. Given that in the stationary 404 

phase most cells were apparent producers, one might consider this effect as an insignificant, 405 

transient phenomenon. However, in growing cells likely present in chemostats or fed-batch 406 

bioreactors, a stable subpopulation of low producers permanently exists (11). Moreover, high 407 

producers accumulated plasmids and ceased growing, which finally led to a breakdown in 408 

production. 409 

Such a described phenomenon should not be confused with the well-known segregational 410 

instability describing complete plasmid loss in subpopulations (36); in contrast to our observed 411 

unequal plasmid distribution, this effect is commonly observed under non-selective conditions. 412 

However, the factors affecting segregational instability may also be related to our observations. 413 

Recently, a relationship between gene expression and plasmid segregation was shown for ColE1-414 

like plasmids in E. coli (37): it was argued that transcription and translation interfere with 415 

plasmid replication leading to low copy numbers and finally to plasmid loss. We did not detect 416 

complete plasmid loss and a highly-related plasmid has been described as being stably 417 

maintained in B. megaterium, even without selective pressure (38). We eventually concluded that 418 

the transcriptional and translational machinery slows down the distribution of plasmids in B. 419 

megaterium. In another study in E. coli, strong transcription was shown to drive plasmids to a 420 
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location of high transcriptional activity close to the cell poles (39). In our B. megaterium system, 421 

rather larger patches of plasmid complexes were detected which remained at one cell pole after 422 

cell division, with a preference for when the expression system was induced. This is in good 423 

agreement with results reported for B. subtilis, where different studies showed that active 424 

ribosomes are located at the cell poles of this bacterium (40), and that the cellular localization of 425 

DNA and ribosomes overlap, indicating a coupled transcription/translation process (41). 426 

However, despite the formation of plasmid clusters at the cell poles, it is somehow ensured that at 427 

least one plasmid enters the new cell after cell division. Although it was previously shown that 428 

plasmids are preferentially located near the cell poles and grouped in clusters of foci (25, 35), it is 429 

generally assumed that high-copy plasmids without a partitioning system segregate by random 430 

diffusion. In contrast, low-copy plasmids segregated by a partitioning system were found 431 

localized near the center or quarter position of the cell, and behaved like mini-chromosomes (42). 432 

We also tested the distribution behavior of the much smaller pBC16 precursor plasmid, which 433 

belongs to a widely dispersed plasmid family of small, multi-copy plasmids of Gram-positive 434 

bacteria mediating naturally occurring tetracycline resistance among bacilli and other soil 435 

bacteria (43). In the latter case, several plasmid foci were found randomly distributed all over the 436 

cytoplasm and, thus, we argue that plasmid size may play a crucial role in the formation of 437 

distinct foci. Due to the fact that plasmids generally occurred in clustered foci, and that free 438 

diffusion within living cells is generally constrained, the random diffusion model was previously 439 

questioned; it was postulated that chromosome-encoded proteins recruit at least one plasmid copy 440 

from the cluster and mediate the partitioning via a, so far, unknown mechanism (44, 45). 441 

Previous reports revealed that the pUB110 plasmid, which is related to our employed expression 442 

plasmid, was found bound to the cell membrane via specific attachment regions (46, 47). 443 
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However, confocal laser scanning microscopy (CLSM) analyses in combination with 3D image 444 

stack reconstruction suggested that the plasmids were not bound to the membrane but, instead, 445 

arranged in a central region of the transaxial plane (Fig. S5B). A plausible explanation may be 446 

the reduced number of membrane attachment sites in pKMMBm2 compared to those found in the 447 

original plasmid (Fig. S1). 448 

In the long term, the accumulation of plasmids negatively affected the cell division rate of the 449 

bacteria. One reason could be an increased metabolic burden, which may bring the production 450 

capacity of a cell to its limit. Another explanation might be associated with bacterial cell aging. 451 

Since plasmids also accumulated at the old poles, it can be expected that the vitality of mother 452 

cells will decrease with increasing number of generations (48, 49). However, in this study we 453 

showed that the cell pole was randomly chosen, and therefore, this effect should only be 454 

marginal. 455 

So far, very little is known about the distribution of high-copy number plasmids, especially in 456 

Gram-positive bacteria (50). Our findings show a polar fixation for the plasmid used in the 457 

production of high amounts of recombinant proteins in B. megaterium. However, the molecular 458 

mechanisms behind these observations remain largely unknown. Future studies are required to 459 

shed light onto the molecular principles involved. 460 

 461 
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TABLES 597 

Table 1 Strains, plasmids and primers used in this study. 598 

Strains: 

Strain name Description Reference 

or source 

B. megaterium DSM319 Wild-type strain (9) 

B. megaterium WH321 genomic xylR mutant (32) 

B. megaterium WH377 genomic xylT mutant (31) 

B. subtilis DSM402 B. subtilis subsp. subtilis strain 168 carrying the 

pBC16 plasmid (DSM No.: 23521) 

DSMZ1 

Plasmids:   

Plasmid name Description Reference 

or source 

pSSBm85 Promoter-optimized shuttle vector for xylose-

inducible production of GFP; PxylA-gfp 

(10) 

pRBBm99 Derivative of pSSBm85 lacking xylR and PxylA-

gfp 

This work 

pKMMBm1 Introduced XmaI site at the 5'-end of xylR and 

replaced xylR stop codon with a KpnI site in 

pSSBm85 

This work 

pKMMBm2 mCherry cloned into KpnI and AflII sites of 

pKMMBm1; xylR-mCherry fusion 

This work 

pKMMBm5 pSSBm85 ∆xylR mutant This work 
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pJS72 pETDuet vector (Novagen) containing mCherry (14) 

pBC16 natural plasmid isolate originating from Bacillus 

cereus, precursor for pSSBm85 

(26) 

Primers:   

Primer name Sequence2  

xylR-mCherry_for 5'-tatcaggtaccgtgagcaagggcgaggag-3' This work 

xylR-mCherry_rev 5'-tatcacttaagttacttgtacagctcgtccatg-3' This work 

xylT_for 5'-cggagggttactgtttggatatgac-3' This work 

xylT_rev 5'-ccgtgtgctaaagatcctaacccta-3' This work 

xylR_for 5'-gccttgtagatcgtcatcagcaaa-3' This work 

xylR_rev 5'-cgtatgctcctgcattagcttcat-3' This work 

gfp_for 5'-tctcggacacaaactcgagtacaac-3' This work 

gfp_rev 5'-ctgctagttgaacggatccatcttc-3' This work 

rpoB_for 5'-ggcgacgaagtagtaaaaggtgaga-3' This work 

rpoB_rev 5'-ggcatcctcatagttgtaaccatcc-3' This work 

gyrB_for 5'-tacatggtgtaggtgcctcagttgt-3' This work 

gyrB_rev 5'-acttttaagtcagcagccggtacac-3' This work 

heli1_for 5'-gatgtaatccatacgtcagctgtgc -3' This work 

heli1_rev 5'-ccggcttccttgatttataactgg-3' This work 

heli2_for 5'-gtcgaacctgtacacggtgactttt-3' This work 

heli2_rev 5'-gcttccgtaataggtctgttcatgc-3' This work 

1DSMZ-German Collection of Microorganisms and Cell Cultures 599 

2Specific restriction enzymes used for cloning are underlined.   600 



33 
 

FIGURES 601 

 602 

Fig. 1 Time course of heterologous GFP production by recombinant B. megaterium and analysis 603 

of arising subpopulations using flow cytometry. Before gene induction by the addition of xylose, 604 
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the majority of the population did not produce GFP, with the exception of a small fraction of low-605 

producing cells (A). Between 1, 2 and 3 h after the induction of gene expression (B – D), the 606 

population shifted towards high-producing cells, but with a significant subset of low producers. 607 

After 5 h (E), when cells had already entered the stationary phase, almost all cells reached their 608 

highest production levels. In the late stationary phase (22 h after induction), production levels 609 

decreased and the population shifted towards its initial state (F). The dotted line indicates the two 610 

gates “non/low GFP-producing cells” and “GFP-producing cells” (cut-off level) which were 611 

defined at the beginning of the flow cytometry analyses. GFP: fluorescence intensity of GFP 612 

given in arbitrary units; FSC: forward scatter. 613 

 614 

 615 

Fig. 2 Comparison of gene expression in sorted B. megaterium cells (producer compared to low 616 

producer subpopulations) using quantitative RT-PCR. Genes encoding the main components of 617 

the pSSBm85 expression system (xylT, xylR and gfp), were investigated. The xylose repressor, 618 

xylR, and target gene, gfp, were induced about 150× and 600×, respectively. In contrast, the 619 

xylose transporter, xylT, was expressed constitutively. 620 
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 621 

Fig. 3 Images taken from a time-lapse microscopy movie showing a growing, GFP-producing 622 

microcolony of B. megaterium carrying the pSSBm85 plasmid (A – E: 120, 150, 180, 210 and 623 

260 min after the induction of gene expression by the addition of xylose). Each producer cell (P) 624 

generated daughter cells: a producer cell and a low-producing cell (L). The resulting cell lineage 625 

tree (F) schematically shows a lineage of high-producing cells. 626 
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 627 

Fig. 4 Time series of B. megaterium carrying the pKMMBm2 plasmid (A – D: 120, 160, 190 and 628 

210 min after gene induction). Producer cells developed red tips (arrows) indicating XylR-629 

mCherry-plasmid complexes located at the old cell poles. E) Microcolony of high and low 630 

producers. Occasionally, deeply red cells arose lacking GFP and which probably accumulated 631 

plasmid-XylR complexes (arrow); these cells stopped proliferating.  632 
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 633 

Fig. 5: A) Part of the reconstructed cell lineage tree derived from a time-lapse movie of B. 634 

megaterium carrying the pKMMBm2 plasmid (Movie S3). Nodes represent single cells at 635 

specific time points. Red and green coloring of nodes represent the respective fluorescence 636 

intensities. The complete tree is available in the supplemental material (Fig. S3). B) Relationship 637 

of bimodal plasmid distribution to the amount of plasmid per cell. Histograms show the fraction 638 

of segregated plasmids in relation to the percentage of cells with the strongest XylR-mCherry 639 
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signal. Bimodal distributions were found for 5 – 20 % of cells, all containing large amounts of 640 

XylR-mCherry. Fitted curves were generated using a mixture-model consisting of the 10% most 641 

fluorescing cells, and the rest. Highly fluorescing cells were fitted using a bi-normal distribution 642 

superposition of two normal distributions, localized at 0.5 ± 0.13 (and variance 0.05). The 643 

remaining mother cells with low fluorescence were fitted to one normal distribution (with mean 644 

0.5 and variance 0.03). 645 
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 646 

Fig. 6 Localization of plasmids using FISH. A) B. megaterium carrying pSSBm85, induced with 647 

xylose, showed an unequal distribution of plasmids. These preferentially remained at one cell 648 

pole. B) In the absence of gene induction, the pSSBm85 plasmid distribution is hardly affected. 649 

C) The smaller pBC16 precursor plasmid was found clustered in several foci distributed all over 650 

the cell. D) The same behavior was seen in B. subtilis carrying the pBC16 plasmid, resulting in 651 

distinct foci of plasmid accumulation.  652 
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 653 

Fig. 7: Coordinated distribution of plasmid and chromosomal DNA in protein-producing B. 654 

megaterium. Different stages of plasmid and nucleoid positioning during cell division of B. 655 

megaterium carrying pKMMBm2 were visualized. The figure shows plasmid-XylR-mCherry 656 

complexes (column A), the nucleoid visualized via DAPI staining (column B) and the overlay of 657 

both images with the inclusion of the bright field image (column C). Before cell division, the 658 

nucleoid was localized in the central part of the cell, excluding the poles (arrows in row 1, 659 

column C) while XylR-mCherry was mainly distributed all over the cell. During cell division the 660 

plasmid-XylR-mCherry complexes were localized at the old cell poles (arrows in row 2, column 661 
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C) while the nucleoid was segregated near the new pole. This process led to bacterial chains, with 662 

terminal cells containing high amounts XylR-plasmid complexes (arrows in row 3, column C).  663 

 664 

 665 

 666 
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Fig. 8 GFP production of B. megaterium carrying pSSBm85 in response to the time of induction 667 

and growth phase. A) Growth curves at various times of induction, and control without inducer. 668 

B) GFP abundance normalized to biomass for various induction times. The red curves show the 669 

modeled growth (A) and production behavior (B) for the induction times, 105 min (solid line) 670 

and 195 min (dashed line). 671 

 672 

 673 

 674 

Fig. 9 Proposed model of constrained plasmid distribution that explains the population 675 

heterogeneity during recombinant protein production. Polar fixation of plasmids (red circles) 676 

after cell division led to cell lines with high and low production performance. In this schema, 677 

plasmids were fixed to the old cell pole. However, polar fixation can affect either the old or the 678 

new cell pole. 679 


