
NOTE

Succinate, iron chelation, and monovalent cations affect
the transformation efficiency of Acinetobacter baylyi
ATCC 33305 during growth in complex media
Colleen G. Leong, Caroline M. Boyd, Kaleb S. Roush, Ricardo Tenente, Kristine M. Lang,
and C. Phoebe Lostroh

Abstract: Natural transformation is the acquisition of new genetic material via the uptake of exogenous DNA by
competent bacteria. Acinetobacter baylyi is model for natural transformation. Here we focus on the natural trans-
formation of A. baylyi ATCC 33305 grown in complex media and seek environmental conditions that appreciably
affect transformation efficiency. We find that the transformation efficiency for A. baylyi is a resilient characteristic
that remains high under most conditions tested. We do find several distinct conditions that alter natural trans-
formation efficiency including addition of succinate, Fe2+ (ferrous) iron chelation, and substitution of sodium ions
with potassium ones. These distinct conditions could be useful to fine tune transformation efficiency for researchers
using A. baylyi as a model organism to study natural transformation.

Key words: natural transformation, Acinetobacter baylyi.

Résumé : La transformation naturelle consiste en l’acquisition de nouveau matériel génétique par les bactéries
compétentes au moyen de la captation d’ADN exogène. Acinetobacter baylyi est un modèle de transformation
naturelle. Les auteurs se concentrent ici sur la transformation naturelle de la souche ATCC 33305 de A. baylyi
cultivée dans des milieux complexes et recherchent les conditions environnementales qui affectent de manière
appréciable l’efficacité de transformation. Ils trouvent que l’efficacité de transformation de A. baylyi constitue une
caractéristique résistante qui demeure élevée sous la plupart des conditions testées. Ils identifient plusieurs
conditions distinctes qui modifient l’efficacité de transformation naturelle dont l’ajout de succinate, la chélation
de fer ferreux Fe2+ et la substitution d’ions sodium par des ions potassium. Ces conditions distinctes pourraient
être utiles aux chercheurs qui utilisent A. baylyi comme organisme modèle d’étude de la transformation naturelle
pour raffiner l’efficacité de transformation. [Traduit par la Rédaction]

Mots-clés : transformation naturelle, Acinetobacter baylyi.

Acinetobacter baylyi is a model organism for study of
competence because of its high natural transformation
efficiency (reviewed in Young et al. 2005). In other organ-
isms, specific environmental conditions such as access to
nutrients or cell density induce transient competence
(Thomas and Nielsen 2005). In the work reported in this
short note, the goal was to discover specific environmental
conditions such as broth supplementation or temperature
that would allow researchers to dial the transformation
efficiency of A. baylyi up or down in a simple reproducible
manner.

While there are many previous investigations of cul-
ture conditions that affect transformation efficiency in
A. baylyi, the results are difficult to synthesize to create a

coherent picture of environmental conditions that in-
duce competence in this species. This difficulty in com-
paring across studies was the major motivations for the
work presented here. Studies of whether growth phase
affects transformation efficiency in A. baylyi are an illus-
trative case in point. Juni and Janik (1969) first reported
that transformation efficiency peaks when the cells are
about to enter stationary phase. But, since that time no
other authors have reported a peak in transformation
efficiency when the cells are about to enter stationary
phase even though they measured transformation effi-
ciency over a growth curve (Cruze et al. 1979; Bergan and
Vaksvik 1983; Singer et al. 1986; Palmen et al. 1992, 1993,
1994; Porstendörfer et al. 2000). In direct contradiction of
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Juni and Janik (1969), these authors instead report high-
est transformation efficiency during exponential phase.
But even though these authors report highest transfor-
mation efficiency during exponential phase, the pattern
of transformation efficiency was not constant across
studies. For example, some observe a peak so that trans-
formation efficiency is not at its highest immediately
after dilution into fresh broth but instead maxes out
some time later during exponential phase (Cruze et al.
1979; Porstendörfer et al. 2000). In contrast, others report
the highest transformation efficiency upon dilution to
begin the growth curve, with continuously falling trans-
formation efficiency during the rest of exponential
phase (Bergan and Vaksvik 1983; Singer et al. 1986;
Palmen et al. 1993, 1994). Still others have observed the
exact opposite, namely a dramatic increase in transfor-
mation efficiency over the course of exponential phase,
reaching saturation during exponential phase and re-
maining high for the duration of stationary phase
(Palmen et al. 1992). More unusual temporal patterns
have been observed, such as finding the highest transfor-
mation efficiency at 1–2 h postdilution and again at 5–7 h
postdilution with a dip (rather than a peak) that bottoms
out at 4 h postdilution; in this experiment the cells were
in exponential phase from 1 to 5 h (Palmen et al. 1993).
Finally, an examination of transformation efficiency
over an extended growth curve (>100 h of incubation)
found that transformation efficiency was high in expo-
nential phase, fell to a low in stationary phase at 30 h
postinoculation, but then dramatically rebounded back
to the same level observed in exponential phase when
the culture was sampled after 95 h of incubation (Palmen
et al. 1994). High transformation efficiency after 90 h is
consistent with induced expression of A. baylyi com genes
during long-term stationary phase (Lostroh and Voyles
2010).

The timing of the maximum transformation efficiency
is not the only difference among these observations. For
example, the magnitude of the changes in transforma-
tion efficiency is also very different, with some authors
reporting less than 10-fold differences in maximum and
minimum transformation efficiency during exponential
phase (Cruze et al. 1979; Bergan and Vaksvik 1983;
Palmen et al. 1994) and others finding differences of 2
or more logs (Palmen et al. 1992; Porstendörfer et al.
2000). In the single study that examined transformation
efficiency over the 100+ h growth curve, the difference in
the maximum and minimum transformation efficiency
observed was more than 10 000 (Palmen et al. 1994).
Another confounding factor is that none of the papers
summarized in this introduction report the statistical
significance of any differences in transformation effi-
ciency and some do not specify the number of indepen-
dent trials performed. None of the figures includes any
indication of variation, such as error bars, for any time
point.

These findings, many of which are explicitly contradic-
tory, make it very difficult to know exactly how growth
phase affects transformation efficiency in A. baylyi. Per-
haps the differences among these results are due to the
use of different kinds of transforming DNA; some au-
thors used auxotrophy and chromosomal DNA from a
prototroph for transformation, while others used either
chromosomally encoded antibiotic resistance markers
or antibiotic resistance markers carried on plasmids.
Some used purified DNA while others used cell lysates.
The markers vary in traits such as how many selectable
markers there were per milligram of DNA, how long the
markers were, and how long it might take for the phe-
notype encoded by the marker could be expressed. But it
is not obvious why different kinds of DNA would lead to
such contradictory results as transformation efficiency
increasing steadily during exponential phase versus
transformation efficiency decreasing steadily during ex-
ponential phase. Other variables include the type of
broth used during cultivation, the temperature of cell
cultivation and (or) during transformation, and even the
transformation procedure itself. Just one example of this
variation is that one group took a sample from the pop-
ulation and diluted it into buffer or broth and added
DNA to the diluted cells (Cruze et al. 1979), while the
others took a sample from the growth curve and added
DNA directly to the sample.

A similarly bewildering group of observations con-
fronts anyone who would like to know how other seem-
ingly simple environmental parameters such as carbon
source, cations, and temperature affect the transforma-
tion efficiency of A. baylyi (Cruze et al. 1979; Singer et al.
1986; Lorenz et al. 1992; Palmen et al. 1993).

Another challenge in using the existing literature to
optimize the transformation efficiency of A. baylyi is that
the standard wild-type strains used in Europe and the
US are probably not the same. Many European investiga-
tors use strain BD413, while many US authors use the
related ADP1 strain. Although these are both descended
from Juni’s microencapsulated mutant BD413 (Taylor
and Juni 1961), they evolved separately for many decades
in laboratories on the 2 continents. Furthermore, trans-
formation efficiency is a trait that is known to be affected
by laboratory culture (Bacher et al. 2006). Use of mini-
mally passaged standard wild-type cells that everyone
can obtain was thus another motivation for the studies
reported in this short-form note. Throughout this work
we used the wild-type A. baylyi strain from the American
Type Culture Collection (ATCC; strain number 33305),
which they refer to as synonymous with strains BD413
and ADP1. Their history on the organism does not report
the date on which the strain was deposited nor the lab-
oratory from which the strain was obtained (www.atcc.
org/products/all/33305, accessed 29 June 2017), but a ben-
efit of using this strain is that anyone can obtain it in
lyophilized form.
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Here we present a study comparing transformation
efficiency under a variety of conditions for A. baylyi ATCC
33305 grown in complex broth with a standard recipe of
5 g of tryptone, 10 g of yeast extract, 10 g NaCl/L (lysogeny
broth (LB) (Bertani 1951)). Our purpose is to find environ-
mental conditions that are simple to achieve in the
laboratory and that appreciably affect transformation ef-
ficiency in a reproducible manner. We first look at com-
petence over a growth curve, as have others (Juni and
Janik 1969; Cruze et al. 1979; Bergan and Vaksvik 1983;
Singer et al. 1986; Palmen et al. 1992, 1993, 1994;
Porstendörfer et al. 2000). After finding high transforma-
tion efficiency throughout exponential phase, we next
use exponential phase cells to test alterations of the LB
recipe. These include addition of succinate, removal of
ferrous iron, addition of divalent cations magnesium
and calcium, and replacement of sodium ions with po-
tassium ones. The variations tested were selected be-
cause they are relevant in the organism’s natural soil
habitat (Paul 2015). Finally, we measure competence of
A. baylyi as a function of incubation temperature, which
also varies in soils, and because different laboratories use
different incubation temperatures for routine cultiva-
tion of A. baylyi.

Unless otherwise noted, we grew the cells at 37 °C with
high aeration (Kok et al. 1999). To test a condition, we
used independent overnight cultures in LB to inoculate
an experimental broth and subculture it according to the
condition to be tested; each overnight culture originated
from a separate colony and was used only once to create
independent samples. To measure the transformation
efficiency, 0.5 mL of cells were incubated with 5 �g of
chromosomal DNA from a streptomycin-resistant donor
for 30 min (for the growth curve) or 60 min (for all other
experiments). Then extracellular DNA was degraded
with DNase I (0.5 mg/mL, 37 °C for 15 min (growth curve)
or 30 min (all other experiments); New England Biolabs)
and the cells were diluted and plated to determine trans-
formation efficiency (Palmen et al. 1992). We calculate
the transformation efficiency as the colony-forming
units per millilitre on streptomycin plates (20 �g/mL)
divided by the colony-forming units per millilitre on
nonselective plates. We never observed any spontaneous
streptomycin-resistant colonies in control transforma-
tions lacking exogenous DNA, and we always verified
that the donor DNA was sterile. Using BD413 cells in the
1990s, transformation efficiencies as high as 10–0.6 were
observed and the entire population was therefore in-
ferred to be competent because of the many additional
steps besides DNA import that are needed to acquire a
new DNA segment (Palmen et al. 1993). In our case, we
selected 5 �g of transforming DNA because the resulting
transformation efficiency was 2 orders of magnitude
lower than 10–0.6, which might make it possible to detect
environmental conditions that increase the transforma-
tion efficiency.

Figure 1 presents the transformation efficiency over a
growth curve of A. baylyi ATCC 33305 growing in LB at
37 °C with high aeration. We ran 3 independent trials
and report the average and standard deviation at each
time point. The transformation efficiency was highest
(10–2.9) at 30 min after dilution. We did not observe a
spike in transformation efficiency any time during expo-
nential phase. Transformation efficiency was slightly
lower later during exponential phase, ranging from
10–3.8 at 1 h postinoculation to 10–3.2 at 3 h postinocula-
tion. Thus, the ATCC 33305 strain remains competent
throughout exponential growth in LB, varying in trans-
formation efficiency less than 10-fold. After the onset of
stationary phase, transformation efficiency dropped a
small amount to an average of 10–3.8. We used an ANOVA
to test whether any of the time points were significantly
different from any of the others and found no difference
(p > 0.4). The ANOVA test assumes that the data are nor-
mally distributed, which is usually the case for biological
traits but in the unlikely case that this assumption is
violated, we also applied the Kruskal–Wallis test which
can be applied to data with any distribution (normal or
nonparametric). Again, there was no statistically signifi-
cant difference between any of the transformation effi-
ciencies at the different time points (p > 0.8).

Fig. 1. Acinetobacter baylyi ATCC 33305 transformation
efficiency versus time over a growth curve. Cells were
grown at 37 °C in LB broth with high aeration. The results
include 3 independent time series. The transformation
efficiency (circles; left axis) was calculated as
(streptomycin-resistant CFU/mL)/(total CFU/mL). Errors bars
denote standard deviation, which for this log plot are

given by �y = 0.434
�TE

�TE�
, where y = log<TE> and �TE is

defined as the standard deviation from the mean
transformation efficiency, <TE>. For the 0.5, 1, 1.5, 2.5, and
6 h time points n = 2 while for the other time points n = 3.
The growth curve (squares) is plotted on the right axis.
None of the differences among average transformation
efficiencies are statistically significant.
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Based on these results, we selected exponential phase
for sampling cultures to compare parameters other than
growth phase (Table 1) and we used the standard proce-
dure of monitoring the OD600 of test cultures to sample
them during exponential phase. For the rest of the ex-
periments documented in this short-form note, includ-
ing those reported in Figs. 2 and 3, we sampled cultures
between an OD600 of 0.2 and 0.5.

We investigated the effects of succinate supplementa-
tion because succinate is a preferred growth substrate
for A. baylyi and is present in the rhizosphere (Nielsen
and Van Elsas 2001; Barbe et al. 2004; de Berardinis et al.
2008; Vallenet et al. 2008). Succinate arises in soils from
degradation of the waxy plant root substance suberin.
Strain ATCC 33305 grown in LB + succinate (0.02% m/v)
was on average 2.5 times more competent than cells
grown in unsupplemented LB (p < 0.01 Mann–Whitney
U test; Fig. 2). These results are reminiscent of the effect
of succinate on BD413 cells in a high-phosphate buffer in
sterile soil (Nielsen and Van Elsas 2001).

Because others have found that the transformation
efficiency of A. baylyi is stimulated by cations when the
cells are in buffer lacking a carbon source (Lorenz et al.
1992; Palmen et al. 1993), we next investigated Mg2+ and
Ca2+. We supplemented LB + succinate with 2 mmol/L
MgSO4 and 100 �mol/L CaCl2, which are typical concen-
trations used in minimal media. The transformation ef-
ficiency, however, was not higher than that of cells
grown in LB + succinate (Fig. 2). It is possible that higher
concentrations of these cations would have had an ef-
fect, but we did not pursue this line of investigation
further.

We turned instead to the effects of ferrous iron be-
cause forms of iron vary in soils depending on many
parameters (Colombo et al. 2014), and so A. baylyi may
encounter fluctuating levels of Fe2+ in its natural habitat.
We investigated the effect of removing ferrous iron
from LB using a chelator specific for Fe2+, namely 2,2=-
dipyridyl at a concentration (20 �mol/L) unlikely to affect
growth rate (Eijkelkamp et al. 2011). Cells grown in LB +
iron chelator had a transformation efficiency 1.6 times

Table 1. OD600 at time of sampling for supplementation
studies.

Condition

Sampling
time (hours
postinoculation)

Average OD600

at sampling
time

LB control 3 0.36
LB + succinate 2.75 0.47
LB + succinate + divalent

cations
2.75 0.38

LB + iron chelator 3.5 0.43
LBK 3 0.25
LBK + iron chelator 3.5 0.35

Note: LB, lysogeny broth (5 g of tryptone, 10 g of yeast extract,
10 g NaCl/L); LBK, LB in which an equimolar amount of potassium
chloride (7.4 g/L KCl) is substituted for the sodium chloride.

Fig. 2. Effects of LB broth supplementation on
transformation efficiency for Acinetobacter baylyi
ATCC 33305. Cells were grown at 37 °C in LB broth with
high aeration and sampled during exponential phase.
Errors bars denote standard deviation, which for this log

plot are given by �y = 0.434
�TE

�TE�
where y = log<TE> and

�TE is defined as the standard deviation from the mean
transformation efficiency, <TE>. For the control, n = 16;
for the other conditions n = 4. *, p < 0.01 compared with
control; **, p < 0.05 compared to control; Mann–Whitney
U test.

Fig. 3. Effect of temperature on transformation efficiency
in LB + succinate for Acinetobacter baylyi. Cells were grown
at 37 °C in LB + succinate (0.02%) broth with high aeration
and sampled during exponential phase. Each data
point, including the control, contains 4 individual
measurements of transformation efficiency. Errors bars
denote standard deviation, which for this log plot are given

by �y = 0.434
�TE

�TE�
, where y = log<TE> and �TE is defined

as the standard deviation from the mean transformation
efficiency, <TE>. The transformation efficiencies are not
significantly different from each other.
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less competent than cells grown under LB control condi-
tions (Fig. 2), but this difference is not statistically signif-
icant. In the related species A. baumannii, competence
genes are mildly downregulated by chelation of ferrous
iron, but it is not known how large a change in gene
expression would be needed to affect transformation ef-
ficiency nor whether chelation of ferrous iron affects com
gene expression in A. baylyi (Eijkelkamp et al. 2011).

Still seeking an alteration to LB that might enhance
natural transformation, we investigated potassium.
Acinetobacter baylyi is likely exposed to fluctuating levels
of potassium in its natural soil habitat. To investigate
potassium, we cultured the cells in LBK, defined as LB in
which we substituted equimolar amounts of potassium
chloride for the sodium chloride (7.4 g/L KCl). This exper-
imental design maintained the osmolarity of the me-
dium. Cells grown in LBK were about 6 times less
competent than the cells grown in LB (p < 0.05; Fig. 2).

Individually, LBK and iron deficiency each decrease
the natural transformation efficiency relative to the con-
trol LB condition. We next tested whether combining the
2 alterations would result in a net decrease in transfor-
mation efficiency. As predicted, the negative effects of
LBK and iron deficiency combined result in a construc-
tive net negative effect on competence greater than that
of either LBK or iron deficiency alone (p < 0.01; Fig. 2). The
transformation efficiency in LBK + iron chelator is
250 times lower than that in LB + succinate.

It is possible that small perturbations in growth rate
could contribute to some of the differences in transfor-
mation efficiency that we observed when cells were sup-
plemented with succinate, grown in LBK, or grown in
LBK + iron chelator. But, we do not think that this is
likely to be the case because of the following observa-
tions. Using our standard procedure of 1:100 dilution into
control LB, the 16 control cultures reached an OD600 be-
tween 0.2 and 0.5 at 3 h postinoculation, with an average
of 0.36 (Table 1). The cells growing in LB with the various
additives or substitutions always achieved a similar
OD600 between 2.75 and 3.5 h postinoculation, indicating
that they grew at about the same rate as cells in the
control condition. To discuss one specific example in
more detail, the growth of cells in LBK + iron chelator
was almost the same as that in control LB. While cultures
in control broth achieved an OD of 0.36 after 3 h of
aeration, the LBK + iron chelation cultures reached a
density of 0.35 at 3.5 h postinoculation. Because the con-
trol cultures were sometimes as low as 0.2 at 3 h post-
inoculation, an OD600 of 0.35 at 3.5 h postinoculation is
within the normal variation of growth of A. baylyi ATCC
33305 in LB. In every case, the growth of cells in the test
broths was within the normal variation observed for the
same cells growing in control LB.

Having completed our investigation of LB additives,
we turned to consider the effects of temperature by vary-
ing incubation conditions from 20 to 37 °C, a range that

encompasses both its natural soil habitat and usual lab
propagation temperatures. At all temperatures, we grew
A. baylyi in LB + succinate, since that was the broth yield-
ing the maximum transformation efficiency (Fig. 2). As
shown in Fig. 3, for strain ATCC 33305 grown in LB, trans-
formation efficiency does not vary with temperature.

Together, the results show that competence in A. baylyi
ATCC 33305 is a resilient characteristic that remains con-
stant in many environmental conditions. Looking at
Figs. 1, 2, and 3 together, the transformation efficiency
remained remarkably consistent despite varying growth
curve stage, broth composition, and growth tempera-
ture. Although competence in A. baylyi is robust, there
are several distinct conditions that do affect transforma-
tion efficiency: addition of succinate has a positive effect
(p < 0.01), replacement of sodium by potassium and re-
moval of ferrous iron (Fe2+) from the growth medium
each has a negative effect (p < 0.05), and when combined
these last 2 conditions have a strong negative effect
(p < 0.01). Such methods to fine-tube transformation ef-
ficiency will be useful role in future investigations of
natural transformation in A. baylyi ATCC 33305.
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