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Crude protein extraction

PP was incubated aerobically and then harvested when its biomass 
reached approximately 1.28 mg/mL. �e bacteria at this stage would 
contain negligible Nar because Nar is not biosynthesized under 
aerobic conditions, but would contain abundant Nap because Nap is 
biosynthesized under aerobic conditions. KD was grown aerobically 
until exponential growth was con�rmed and then switched to anoxic 
conditions. Bacteria were harvested immediately a�er the anoxic 
switch, at which point the cells would contain negligible levels of Nar 
(again, because of no Nar biosynthesis under aerobic conditions) and 
no Nap (because it is the Nap-de�cient mutant) at approximately 0.47 
mg/mL. KD was also harvested a�er the resumption of exponential 
growth when the biomass reached 0.68 ~ 0.88 mg/mL, when Nar levels 
were high, su�cient to support exponential growth. 

�e crude protein extract was obtained by modifying the procedure 
of Berks [8]. �e harvested bacterial suspension was centrifuged 
at 11,380 rcf and 4°C for 20 min. �e supernatant was carefully 
poured o� and then the bacterial pellet was suspended in 10 mL of 
extraction bu�er (100 mM Tris/HCl, 3 mM Na2 EDTA, 0.5 M sucrose) 
and then 0.25 g lysozyme (as a powder) was added and the mixture 
was vortexed until the lysozyme was dissolved and the pellet was 
thoroughly disrupted. �e suspension was then incubated at 30°C for 
20 min, followed by centrifugation at 11,380 rcf and 4°C for 4 min. �e 
supernatant was collected and mixed with 3.7 g of ammonium sulfate 
(powder). �e mixture was vortexed until the powder was dissolved 
and the solution became cloudy (i.e., protein was precipitated), 
followed by centrifugation at 11,380 rcf and 4°C for 4 min. A�er 
pouring o� the supernatant, the pellet was dissolved in 10 mL of 20 
mM Tris-HCl (pH=7). �e extract was used immediately or stored 
at 4°C for a maximum of 3 days. Extract prepared with PP biomass 
harvested under aerobic conditions (with negligible Nar and abundant 
Nap) is referred to as Nap-extract. Extract prepared with KD harvested 
immediately a�er the anoxic switch is referred to as Nap-and-Nar-free 
extract. Extract prepared with KD harvested during anoxic exponential 
phase is referred to as Nar-extract.

Experiments with addition of crude extract to KD cultures

KD was taken out from a -80°C deep freezer and incubated in 
Luria Broth (BD science, New Jersey, NJ, USA) at 37°C at 170 rpm in 
a shaking incubator overnight and then transferred to minimal media 
and grown for 24 hrs, followed by another transfer to minimal media 
until the initial absorbance (1 cm path length; 550 nm) of the culture 
became approximately 0.1 (0.27 mg/mL). A�er the second transfer, 
the culture was grown until the absorbance approximately doubled. 
�e culture was sparged for 4 min with nitrogen gas to strip out the 
dissolved oxygen. It was at this point that a speci�c volume (1.0, 0.5 
or 0.25 mL) of crude extract was added to 100 mL of culture volume. 
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�e anoxic period data displayed in Figure 4A are re-plotted in 
Figure 4B in terms of the natural logarithm of absorbance versus time. 
It is apparent that, during the anoxic conditions, a single exponential 
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Only the full dosage data exhibited the double exponential phase 
pattern that was shown in Figure 5B. Half dose and quarter doses 
of extract led to resumption of exponential growth a�er a lag of 
approximately 10 hours (Without extract addition, the anoxic lag is 
at least 20 hours). �e full dosage speci�c growth rates (0.0041 hr-1 
and 0.0178 hr-1) were lower than the corresponding rates in Figure 4B. 
�is may be due to the use of extract that had been stored for 3 days, 
whereas the extract for the experimental data shown in Figures 4A and 
4B was prepared immediately before the experiement.

�e correlation of speci�c growth rates of the �nal exponential 
phase with extract dose is shown in Figure 6. As indicated, there is a 
linear relationship between the dose and the response.

Figure 5B also shows that the end of the �rst exponential phase 
with full dosage approximately coincides with the end of the lag phase 
with lower dosages. So perhaps the lower growth initial exponential 
phase should be considered as low-growth lag phase. Even if the lower 
growth phase is considered as lag, it is considerably shorter than the 
lags of 40 hours and 25 hours shown in Figures 2 and 4B, respectively.

Nap and Nar free extract added to KD culture at the beginning of 
the anoxic switch did not eliminate or even shorten diauxic lag of the 
culture. On the other hand, the diauxic lag of KD was eliminated by 
addition of extract from either PP or KD growing exponentially under 
anoxic conditions. It is notable that, whereas there is no diauxic lag in 
KD culture supplemented with a su�cient amount of Nar-containing 
extract, the anoxic phase was characterized by two di�erent speci�c 
growth rates: �e �rst, and lower, speci�c growth continued for a 
period slightly shorter than the lag of the control, followed by a second 
period of higher speci�c growth rate.

KD exhibited a slower anoxic exponential phase speci�c growth 
rate with addition of 3 day old extract in comparison to culture dosed 
with fresh extract, as shown by comparing Figure 5B-4B. �is could 
suggest that degradation of certain components of the extract made it 
less e�ective for eliminating the diauxic lag.

Finally, the strongly linear relationship between the speci�c growth 
rate of the second anoxic exponential phase and dosage of Nap-extract 
clearly indicates that the extract not only eliminates diauxic lag, but 
the e�ect is also directly proportional to dose. We hypothesize that 
increasing the extract dose resulted in faster transport of nitrate into the 
cell, thus hastening the onset of Nar biosynthesis [9]. Furthermore, the 
higher speci�c growth observed with higher dosage of extract suggests 
that more energy is available for growth, and the origin of energy 
resource is due to enhanced electron transport rate that is linked to the 
intrecellular Nar concentration [10,11].

�e most likely explanation of the observed e�ect is that Nar or 
Nap subunits did not penetrate the cell wall [12] and membrane but 
smaller molecules (possibly created by degrading the enzymes [13,14] 
penetrated and served as precursors or inducers [15,16] to speed up 
the production of Nar, which in turn resulted in the observed positive 
growth e�ects.

Conclusions

Our study showed that addition of either Nap-extract or Nar-
extract can positively a�ect the growth of KD a�er switching from 
aerobic to anoxic growth. �e diauxic lag observed with extract addition 
was reduced or, in some cases, eliminated. Furthermore, the speci�c 
growth rate varied linearly with the amount of crude extract added. �e 
bene�cial e�ects of crude extract addition might be applicable to a wide 
range of bacterial cultures.
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