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To Plate or to Simply Unfreeze, That Is the Question for Optimal Plasmid Extraction
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Many molecular biology applications require fast plasmid DNA extraction, spurring multiple studies on how to
speed up the process. It is regularly instructed in standard laboratory protocols to plate out frozen glycerol bacterial
stocks prior to bacteria incubation in liquid media and subsequent plasmid extraction, although the rationale for
this is often unexplained (other than for the isolation of single colonies). Given the commonality and importance
of this laboratory operation, such a practice is time-consuming and laborious. To study the impact of this practice
and the alternative direct culturing method, we investigated the association between bacterial cell mass and its
potential influence on plasmid yields from the 2 methods. Our results showed no difference with preplating for
7 out of 8 plasmid constructs used in the study, suggesting that direct glycerol recovery would not lead to poorer
plasmid yields. The findings support the rationale for direct glycerol recovery for plasmid extraction, without the
need of an intermediate preplating step.
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INTRODUCTION

Large quantities of high-quality plasmid DNA are required
for critical downstream molecular biology processes, from
recombinant DNA manipulation 1 to gene therapy (requir-
ing micrograms to milligrams of plasmid), 2 and DNA vac-
cines (requiring milligrams of DNA per dose). 2, 3

Much research has focused on boosting DNA produc-
tion through engineering bacterial host strains and plas-
mids. For instance, the down-regulation of pyruvate kinase,
increased generation of NADPH, reduced production of
acetate, and expression of antibiotic resistance markers
encoded in plasmids were found to enhance plasmid pro-
duction. 4–6 At the same time, altering fermentation factors
such as temperature, nutrients, and oxygen can increase
growth rate of host bacterial strains, typically Escherichia
coli, improving plasmid yield and purity. 7 However, in
most biological laboratories, researchers continue with
established processes (“laboratory wisdom”) of plasmid pro-
duction without such vigorous and complex technical
manipulations.

A relatively neglected research area for high plasmid
yield is the effect of different bacterial stock recovery

methods on plasmid extraction. It is typically instructed
in standard laboratory protocols 8–10 to plate out frozen
glycerol bacterial stocks prior to bacteria incubation in liq-
uid media and subsequent plasmid extraction, although the
rationale is often unexplained, other than for isolation of
single colonies. Given that this is a common and important
laboratory operation, such a practice involving an addi-
tional day of work (Fig. 1) is time-consuming and labori-
ous. The obvious alternative, growing bacterial cultures
directly from frozen glycerol bacterial stocks, is rarely seen
in protocols due to the assumption that bacterial colonies
on selective plates would be in the log phase of their growth
curve for higher amounts of plasmid to be extracted 11,12.
In support of this, frozen bacterial glycerol stocks are often
found to be in stress–induced dormancy, 13 requiring a lon-
ger lag phase, thereby resulting in lower plasmid yields.

When analyzing the impact of direct bacterial cultures
on plasmid yields, it is also important to consider bacterial
cell mass to optimize plasmid yields per round of extraction.
At present, the association between final bacterial cell mass
(measured by maximum optical density or OD) and plas-
mid yield is inconclusive. 3 Horn et al.14 reported that
they could merely extract 4 mg of plasmid per liter of cul-
ture when the cells were harvested at the late log phase with
an OD600 of 30. In contrast, Diogo et al.15 successfully
extracted 38 mg of plasmid per liter of culture harvested
at OD600 of about 14. Given that both studies employed
simple batch cultivation with a similar cultivation medium
and plasmid-extraction method, the discrepancy in plasmid
yield remains multifactorial requiring more investigation
into this area.
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In the midst of the assumptions and contradicting find-
ings, we have yet to find an in-depth study comparing the
plasmid yields of bacteria from preplated colonies and fro-
zen stocks. To fill this gap, we investigated the different
effects of pre-plated and direct glycerol recovery methods
on bacterial growth and plasmid yields while also decipher-
ing the contributions of plasmid backbones and gene inserts
on bacterial growth, plasmid yields and incubation time.

MATERIALS AND METHODS
Bacterial strains and plasmids

In-house competent E. coli DH5a cells were chemically
transformed 16 with two ampicillin-resistant plasmids,
pTT5 17 and pET21d (Thermo Fisher Scientific, Singa-
pore). These plasmids hold the following gene inserts:
HIV-1 protease (Hprot, accession number: AY622223.1),
HIV-1 Gag (Hgag 18), human CD89 (Fc fragment of
IgA receptor FCAR, accession number: NM_002000.4,
19, 20), and human CD32 (Fc fragment of IgG receptor
IIa FCG2A, accession number: NM_001136219.3 21).

Colony-standardized glycerol stock preparation

Transformed E. coli cells were streaked onto Luria-Bertani
(LB) agar plates supplemented with 100 lg/ml of ampicil-
lin and incubated at 37�C overnight. A single clone was
picked from each plate, inoculated into 5 ml of ampicillin
added to LB broth, and incubated with shaking at 250 rpm

for 8 h. Glycerol stocks were prepared in sterile 2-ml micro-
centrifuge tubes by adding presterilized glycerol to a final
concentration of 10% and stored at 280�C.

Growing of agar-plated colonies and glycerol-
recovered cultures

Transformed clones of each plasmid were streaked from
frozen glycerol stocks onto selective agar plates supple-
mented with ampicillin and incubated at 37�C overnight.
Independent bacteria colonies were inoculated into 7 ml
of LB broth with ampicillin in 14-ml round-bottom tubes
and incubated at 37�C, 250 rpm. Bacterial growth of
glycerol-recovered cultures was initiated by directly inocu-
lating frozen glycerol stocks in a similar manner.

OD measurement, plasmid miniprep, and plasmid
quantification

The bacterial cultures were diluted 5-fold at required time
intervals before OD600 measurements were taken using
IMPLEN Nanophotometer P330 and APD SpectBT. 22

LB with ampicillin was used as blank. Plasmids were
extracted at the end of required incubation periods using
spin columns according to BioBasic’s Plasmid DNA Mini-
prep Kit, as previously described, 23, 24 and quantified using
Thermo Scientific Nanodrop 1000. The number of plas-
mid copies extracted was calculated using the equation pre-
sented in Lee et al.25 to account for differences in molecular

FIGURE 1

Schematic diagramoutlining the processes of the
plasmid extraction study and their timelines.
Experiments were conducted in sextuplicate.
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weight (MW). An overview of the experiment is illustrated,
and all experiments were performed in sextuplicates
(Fig. 1).

Plasmid DNA sequence analysis

For verification, plasmids were sequenced with Human
cytomegalovirus (CMV) immediate early promoter forward
(59 CGCAAATGGGCGGTAGGCGTG 39) and T7 ter-
minator (59 GCTAGTTATTGCTCAGCGG 39) primers
for pTT5 and pET21d constructs respectively. Sequencing
results were analyzed with DNAapp 26 and DNA2app 27

and compared with a reference sequence 28 using MAFFT
(Multiple Alignment using Fast Fourier Transform). 29

Statistical analysis using Minitab 18

For the comparison of plasmid yields between the two
recovery methods, unpaired 2-sample t test was performed,
while the comparison of plasmid yields across 3 time points
were performed using paired 2-sample t test, 12th hour vs.
15th hour and 15th hour vs. 19th hour.

RESULTS AND DISCUSSION

In this study, we aim to investigate plasmid yields between
colony and frozen glycerol stock–recovered bacteria and
found no significant difference in plasmid yields at the
20th hour of liquid media incubation for 7 out of 8 plasmid
constructs tested (Fig. 2). The single exception was pTT5-
Hgag, with a significantly lower plasmid yield from frozen
glycerol stock–recovered bacteria in comparison to colony-

recovered bacteria. Examining the OD600 measurements
taken at the 20th hour prior to plasmid extraction, the aver-
age total cell mass was comparable or marginally higher for
frozen stock–recovered bacteria, ruling out overall bacteria
counts as the reason for the decreased plasmid yield. Given
that Gag is a viral protein, we speculate that leaky pro-
moters causing plasmid instabilities 30 may be a factor
requiring further bacterial physiological investigations.

With no other significant differences in plasmid yields
between both bacterial recovery methods, we examined the
effects of different plasmid constructs on bacterial growth
rates and plasmid yields. Bacterial growth curves of differ-
ent plasmids were plotted using hourly measurements of
OD600 from the 12th hour to the 20th hour of incubation
(Fig. 3), which flank the recommended incubation periods
for plasmid harvesting in many protocols. 8, 10 Categorizing
our 8 plasmids into its two distinct plasmid backbones
(pTT5 and pET21d), we found that bacterial transform-
ants containing the high plasmid copy number pTT5 back-
bones 31 had significantly lower OD600 values throughout
the measured time course and maximum OD600 (Fig. 3)
when compared with those of the low plasmid copy num-
ber pET21d backbones 32 (Fig. 3) in both bacterial recovery
methods. This is in line with previous findings which dem-
onstrated an inverse relationship between growth rates and
plasmid copy number. 33–36 High–copy-number plasmids
were proposed to impose a higher metabolic burden on
host bacteria, 37, 38 in which more energy, reducing power,
and precursor metabolites would be utilized for production
of antibiotic-resistant proteins and maintaining high copy
numbers. 4, 5, 39, 40

In the same line of thought, larger plasmids were found
to limit maximum OD600.

40 However, we did not find
such correlations in our lengths (4698–6829 bp) and
MWs (2903–4220 kDA) of our tested plasmids (Table 1)
to support this. As such, we next examined differences in
plasmid nucleotide composition on maximum OD600

attained, given that higher guanine and cytosine composi-
tion was previously shown to increase cell growth rates.
41However, this was not supported by our findings (Table
1), possibly because the differences between our various
plasmids were not sufficiently distinct.

Plasmid yields at the 20th hour of incubation for both
bacterial recovery methods across plasmid types and gene
inserts showed significantly higher yields for pTT5 than
pET21d plasmid constructs, with the exception of pTT5-
Hgag recovered from frozen glycerol bacterial stocks. The
higher pTT5 and lower pET21d constructs can be best
explained by their copy number differences. pTT5 has
a high–copy-number origin (pMB1), derived from the
E. coli cloning vector (pBR332), 31 allowing pTT5 con-
structs to be highly amplified. Meanwhile, the rop gene in

FIGURE 2

Comparison of bacterial stock recovery methods on plasmid yields of
various pTT5 and pET21d plasmid constructs. Plasmid extraction and
calculation of number of plasmid copies was performed after 20 h of
incubation.Unpaired t testwasperformedusingMiniTab18.Data rep-
resent themeans of sextuplicates, with error bars representing the SD.
�P, 0.05.
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pET21d controls the copy number of pET21d constructs
via complementary RNA binding, 32 reducing synthesis
of pET21d constructs. Our results reflect the role of the
rop gene in controlling plasmid copy number of the
pET21d constructs in E. coli DH5a (Fig. 2).

To determine the incubation time necessary for bacte-
rial cultures to reach a sufficiently high OD for optimal
plasmid extractions, we repeated the experimental
setups using frozen stock–recovered bacteria with slight

modifications (Fig. 1) to measure OD600 and quantify plas-
mid yields at three selected time points: 12th, 15th, and
19th hour of incubation. By lengthening the bacterial incu-
bation time to increase OD600 values, we could extract
higher yields for all plasmid constructs (Fig. 4A, B).
Although the increase in plasmid yields may be significantly
different for certain plasmid constructs with prolonged
incubation, there is little reason to extend incubation
time for some plasmids, e.g., pTT5-Hprot (P , 0.01)

T A B L E 1

Length, MW, and nucleotide composition of plasmid constructs used in this study

Plasmid construct Length (bp) MW (kDa)

Nucleotide composition (no. and %)

Adenine Guanine Thymine Cytosine

pTT5-Hprot 4698 2903 1207 (25.7%) 1155 (24.6%) 1253 (26.7%) 1083 (23.1%)
pET21d-Hprot 5626 3476 1343 (23.9%) 1484 (26.3%) 1334 (23.7%) 1465 (26.0%)
pTT5-Hgag 5901 3646 1651 (28.0%) 1454 (24.6%) 1461 (24.8%) 1335 (22.6%)
pET21d-Hgag 6829 4220 1811 (26.5%) 1788 (26.2%) 1518 (22.2%) 1712 (25.1%)
pTT5-FCAR 5262 3251 1311 (24.9%) 1312 (24.9%) 1374 (26.1%) 1265 (24.0%)
pET21d-FCAR 6190 3825 1447 (23.4%) 1641 (26.5%) 1455 (23.5%) 1647 (26.6%)
pTT5-FCG2A 5352 3307 1349 (25.2%) 1308 (24.4%) 1381 (25.8%) 1314 (24.6%)
pET21d-FCG2A 6286 3884 1486 (23.6%) 1638 (26.1%) 1463 (23.3%) 1699 (27.0%)

FIGURE 3

Bacterial growth curves of variouspTT5andpET21dplasmid constructs andbacterial stock recoverymethods.OD600meas-
urementswere takenhourly from the12th to20thhourof incubation.Data shown represent themeansof sextuplicates,with
error bars representing the SD.
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and pET21d-Hprot (P,0.05), which can be extracted at
the 19th hour, whereas pTT5-Hgag (P , 0.01) and
pTT5-FCG2A (P , 0.01) constructs could be extracted
earlier at the 15th hour for optimum yields (see Fig. 4A
for pTT5 constructs and Fig. 4B for pET21d constructs).
As for pTT5-FCAR (Fig. 4A) and pET21d-FCG2A
(Fig. 4B) constructs, depending on the plasmid yield
desired and available waiting time, the plasmids can be
extracted at either the 15th or the 19th hour (P , 0.01).
The remaining 2 constructs, pET21d-Hgag and pET21d-
FCAR, could be extracted at the 12th hour, which would
have likely reached saturation. It should be noted that the
length and MW also had no apparent effect on when
such plasmid yield saturations would be reached.

In conclusion, our results demonstrate that it is not
necessary to preplate bacterial stock cultures for optimum
plasmid yields, saving time and cost, because comparable
yields were obtained from frozen stock–recovered bacteria.
Differences in the maximum OD and plasmid yields from

bacterial cultures were more likely to be affected by genetic
elements present in plasmid constructs rather than differ-
ences in recovery methods or plasmid length or MWs.
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