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Growth performances and production of metabolites 
Results of substrate consumption, metabolite production (detected with 1H-NMR analyses, Fig. 1) and oxygen utilization 

in mCDM are reported in Table 1: 

The activities of POX, NOX and NPR (the enzymes involved in oxygen and H2O2 degradation) were 
shown in Fig. 2. 
  POX was detected only in presence of oxygen. 
  NOX and NPR were not strictly related to the aerobic and respiratory growth, and coherently with the 
previous data of Zotta et al. (2013a), were also present in AN conditions. Contrarily to POX, these 
enzymes were not affected by the temperature of the assay and significant activities were also measured at 
37 °C.  
  Catalase was detected only in RS conditions (24.3 µkatal g-1 biomass in wt C17; 10.9 µkatal g-1 biomass 
in mutant C17-m58) when hemin was added to the substrate, confirming the heme-dependent nature of this 
enzyme in L. plantarum C17 (Guidone et al. 2013; Zotta et al. 2013a, 2013b). 
  Even if significant amounts of catalase and NPR were synthesized in RS cells, H2O2 (a product of POX 
activity) was found in the RS supernatants of wt (0.016 mmol l-1 g-1  biomass) and mutant (0.021 mmol l-1 

g-1 biomass) strains, confirming the production of the toxic compound in the aerobic growth.   

Fig. 2: Activities of pyruvate oxidase (POX), NADH oxidase (NOX) and NADH peroxidase (NPR) in batch and steady-state (D=0.070 h-1) cells of Lactobacillus 
plantarum C17 (wt) and its mutant C17-m58, grown under anaerobic (AN; nitrogen 0.1 vol vol-1 min-1) and respiratory promoting conditions (RS; air 0.2 vol vol-1 
min-1, with 2.5 µg ml-1 hemin and 1 µg ml-1 menaquinone supplementation). Lowercase (a, b) and uppercase (A, B) letters on plot bars indicate significant 
differences (Tukey’s HSD, p < 0.005) in enzymatic activities, respectively, of wt C17 and mutant C17-m58 within the assay temperature (25 °C, black bars, and 37 
°C, grey bars) and growth condition; the asterisk (*) indicates significant differences (p < 0.005) in enzymatic activities between wt and mutant strains within the 
same assay temperature (25 °C, black bars, and 37 °C, grey bars) and growth condition; the cross (†) indicates significant differences (p < 0.005) in enzymatic 
activities of chemostat cultures of wt C17 or mutant C17-m58 compared with batch cultivation. Differences in enzymatic activities between AN and RS steady-state 
cells (D=0.070 h-1) were always significant. Standard error bars of two independent inactivation experiments are shown.  

Fig. 1: 1H-NMR spectra of substrate consumed and metabolites produced by batch and 
steady-state (D=0.070 h-1) cells of Lactobacillus plantarum C17 (wild type, wt) and its 
mutant C17-m58, grown under anaerobic (AN; nitrogen 0.1 vol vol-1 min-1) and respiratory 
promoting conditions (RS; air 0.2 vol vol-1 min-1, with 2.5 µg ml-1 hemin and 1 µg ml-1 
menaquinone supplementation). Spectra were generated with Chenomx NMR Suite 7.6 
software.  

  The mutant strain exhibited higher biomass production compared to the wild type (wt) C17, especially in presence of 
air, heme and menaquinone, confirming its oxygen-tolerant phenotype (Zotta et al. 2013b).  
  The highest rates of glucose consumption were measured in AN-batch cells of mutant and wt, while the lowest 
substrate uptake was detected in RS cells of C17-m58. 
  The AN-batch cells of wt C17 used exclusively a homolactic pathway (YP/S = 98.3%), while lower lactate yields were 
observed in the other growth conditions and in the mutant strain, suggesting a reconversion of lactate into pyruvate by 
lactate dehydrogenase (LDH) activity or a reduced conversion of pyruvate into lactate (LDH). 
  Residual pyruvate (Table 1) was converted into different products on the basis of the active metabolic pathway. 
Significant amounts of formate and acetate were found in AN steady-state cultures of wt and mutant strains.  
  AN-batch cells of C17-m58, on the contrary, exhibited consumption of acetate, probably converted in acetyl-P by ACK 
and than in acetil-CoA by phosphate acetyltransferase (PTA; KEGG pathway).  
  Low amounts of succinate were also found in AN broths of batch C17 and steady-state ones of mutant, possibly from 
pyruvate-malate-fumarate pathway (catalised by malate dehydrogenase- fumarate hydratase- fumarate reductase/
succinate dehydrogenase system; KEGG pathway).  
  In RS supernatants of both wt and mutant strains fumarate and succinate were not detected, suggesting the possible 
activation of aerobic pathway POX-ACK.  

† mCDM = un-inoculated medium; mean values ± standard error of 4 replicates are shown; n.d., not detected. 
* Cultivation (AN, anaerobic growth; RS, respiratory growth in presence of air 0.2 vol/vol/min, 2.5 µg ml-1 hemin and 1 µg ml-1 menaquinone) and maximum specific growth rates (µmax=0.31 h-1 or 0.46 h-1 for batch 
cultivations) or dilution rates (D=0.07 h-1 for chemostat cultivations). 
‡ Specific rates of substrate uptake (ν) and metabolite production (π) were calculated as (a-aF)·D/X, where a is the concentration (mmol l-1) in the effluent (which is identical to the concentration within the bioreactor), 
aF is the concentration (mmol l-1) in the feed, D is the dilution rate (h-1) and X is the cell dry weight (CDW, g l-1). For batch growth the average specific rates during the first 8 h of cultivations where shown. Positive (+) 
or negative (-) sign indicates, respectively, production or consumption during the growth.  
Bold values indicate significant changes in substrate and metabolite concentrations (C; mmol l-1), compared with values measured in un-inoculated mCDM. A change ≥ 3.0 standard errors calculated in un-inoculated 
mCDM replicates was considerate as significant change.  
YX/S= biomass yield (biomass yield, g l-1, relative to total sugar consumed, mmol l-1; g mmol-1) 
YP/S= lactic acid yield (lactic acid produced, mmol/l, relative to total sugar consumed, mmol l-1) 
% excess pyruvate = percentage of pyruvate not reduced to lactate and available for conversion in other products (i.e. acetic acid, formate, succinate, ethanol; calculated as mmol l-1 of pyruvate, derived from consumed 
mmol l-1 of glucose, subtracted of produced mmol l-1 of lactic acid)  

 Oxidative stress 
  Respiratory growth significantly (p < 0.005) affected the resistance to H2O2. Both wt and mutant strains 
were highly tolerant (100% survivors) of low (from 0.86 to 3.43 mmol l-1) H2O2 concentrations, but 
completely inactivated at 440 mmol l-1 of H2O2. 
  Coherently with the high values of catalase, RS cells of L. plantarum C17 tolerated up to 110 mmol l-1 
H2O2; however, a satisfactory robustness was also found in AN cultures because of NPR activity (Fig. 2). 
  The mutant was generally more resistant than the wt strain, even if the number and the ratio of survivors 
among AN and RS cultures strongly varied with the increase of H2O2 concentration: in presence of moderate 
(from 6.87 to 27.5 mmol l-1) levels of H2O2, in fact, the continuous cultures of C17-m58 showed the highest 
tolerance of oxidative stress, but in the harshest conditions (higher than 55 mmol l-1 of H2O2) the batch 
cultures, surprisingly, exhibited the greatest robustness.  

Heat stress 
  Respiratory growth significantly (p < 0.005) impaired the survival to heat stress, decreasing the time to 
reach 3-log cycle reduction (t3D) in both wt (t3D=7.14 min) and mutant (t3D=3.90 min) strains. 
  Anaerobic cells of C17 and C17-m58 had similar level of survival in batch and chemostat cultivations, 
while the mutant showed the lowest robustness to heat treatments in all growth conditions.  

  High concentrations of pyruvate and low amounts of 
acetate were measured in RS supernatants, indicating a  
reduced functionality of POX in vivo at 35°C (the 
optimal growth temperature for L. plantarum C17).  
  Measurements of enzymatic activities at both 25 °C 
and 37 °C confirmed the 1H-NMR results, since no POX 
activity was detected in RS cells of wt and mutant 
strains at 37°C (Fig. 2); however, at 25 °C POX was 
slightly higher in C17-m58 and lower concentrations of 
pyruvate were found in RS supernatants of mutant, but 
the reason it remain unclear.  
   Small amounts of adipate were also found in RS 
broths, probably because of lipid oxidation by O2 or 
H2O2. 
  Amino acids consumption was higher in chemostat 
cultures (both AN and RS) of wt C17 compared to batch 
cultures, while in the mutant strain the specific uptake 
depended on the type of amino acid, although most of 
them were principally consumed in AN (batch and 
chemostat) cultivation. 
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