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Abstract
Caseous lymphadenitis is a well-known disease caused by Corynebacterium pseudotuberculosis affecting small ruminants 
with small significance to human health because of its minor zoonotic potential. In both cases, few treatment options are 
available and conventional antimicrobial therapy is commonly refractory due to development of pyogranulomatous reactions, 
bringing great interest in discovering novel therapeutics for more suitable approaches. Dideoxynucleotides presented anti-
bacterial action against various bacteria but were never described for C. pseudotuberculosis. Hypothesizing the antimicrobial 
action of 2’,3’-dideoxiadenosine (ddATP) against C. pseudotuberculosis, we performed for the first time an investigation of 
its minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) in the ATCC® 19,410 strain 
and a well-characterized clinical isolate of C. pseudotuberculosis. We also assessed potential synergism with penicillin. 
ddATP showed a growth delay effect for C. pseudotuberculosis at 2 µmol/mL and a MIC and MBC of 4 µmol/mL against 
the ATCC® 19,410 strain, but not for the clinical strain. An antimicrobial effect was observed when using concentrations 
lower than the MIC of ddATP associated with penicillin for both strains tested. Our data suggest the potential of nucleotide 
analogs, especially adenosine, and its combination with penicillin, as a possible novel treatment for C. pseudotuberculosis-
induced infections, and contributes with knowledge regarding alternative drugs to treat C. pseudotuberculosis infections.
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Introduction

Corynebacterium pseudotuberculosis is a Gram-positive 
bacteria and facultative intracellular pleomorphic organism 
able to infect animals and humans, causing caseous lym-
phadenitis [1, 2]. Usual clinical signs consist of regional 
swelling and abscess formation in the lymph nodes or 

subcutaneous space [3, 4]. Diagnosis is through in vitro cul-
ture or inoculation in laboratory animals of caseous content 
of abscesses or molecular and serologic tests [5]. Vaccines 
have moderate effectiveness mainly due to non-followed 
manufacturer recommendations [6], and early removal of 
clinically and/or serologically positive animals from herds 
proved to be good prophylaxis [7, 8]. Routine treatment is 
based on surgical removal or drainage of abscesses and a 
long period of antibiotics therapy (4 to 6 weeks of penicillin 
or erythromycin combined with rifampin), and alternative 
techniques are being studied, but all methods present low 
efficacy or high chances of relapse [9–13]. This informa-
tion shows that new efficient therapeutic methods to lower 
economic and genetic losses in small ruminant flocks have 
become of great interest.

Dideoxynucleotides (ddNTPs) differ from deoxynucleo-
tides by a single hydrogen molecule replacing the hydroxyl 
in the 3’ carbon of the pentose ring, becoming chain ter-
minators during the synthesis of DNA by blocking the link 
of the next nucleotide into the sequence [14, 15]. Current 
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research aiming to repurpose existing nucleotide analog 
drugs that are commonly used in immunomediated condi-
tions, neoplasia, or viral therapies identified multiple drug 
candidates with an in vitro antibacterial activity [16]. Early 
experiments on the antibacterial action of 2’,3’-dideoxy-
adenosine (ddATP) were observed in vitro and in vivo for 
several bacteria [17, 18]. Recent studies found the growth 
inhibition potential of purine analogs in multiple commensal 
and pathogenic gastrointestinal bacteria [19, 20] caused by 
a disruption in the mechanisms of DNA replication or even 
inducing DNA break [21], but none of those studies included 
Corynebacterium species.

We hypothesize that ddATP presents antibacterial action 
against C. pseudotuberculosis and could be potentially used 
to favor the current treatment protocols recommended to 
caseous lymphadenitis. In this scenario, we investigated for 
the first time the in vitro action of ddATP against standard 
C. pseudotuberculosis biovar ovis culture and possible syn-
ergism between ddATP and penicillin.

Material and methods

Ethical approval statement

This study was approved on July 10, 2019 by the Institu-
tional Animal Care and Use Committee (118/2019 – CEUA 
– UNESP) of São Paulo State University (UNESP), School 
of Veterinary Medicine and Animal Science, Botucatu/SP, 
Brazil.

Corynebacterium pseudotuberculosis isolates

A well-characterized and sequenced strain of C. pseudotu-
berculosis (ATCC® 19,410) from the Institute of Biological 
Sciences of the Federal University of Minas Gerais and one 
strain isolated of a goat abscess at the Microbiology Labora-
tory of the School of Veterinary Medicine and Animal Sci-
ence from UNESP, Botucatu, were used in this study. They 
were stocked in a glycerinated brain heart infusion (BHI) 
broth at − 80 °C.

ddATP and penicillin

The 2′3’-dideoxyadenosine (ddATP) was purchased from 
Sigma-Aldrich (Cotia, SP), diluted in MiliQ water, and 
stored frozen in − 20 °C, as specified by the manufacturer. 
The penicillin used was the commercial Aricilina® (Blau 
Farmacêutica S.A.; Cotia, SP), diluted in MiliQ water, and 
stored in 4 °C, no longer than 30 days.

Minimum inhibitory concentration and minimum 
bactericidal concentration of ddATP for ATCC​® 19410 
strain

Culture conditions in Mueller Hinton (MH) were tested and 
adapted from the literature [22, 23], serial dilution, and MIC 
and MBC procedure followed CLSI 2018 guidelines [24], and 
previous description of ddATP antibacterial action and its MIC 
values for other bacterial species was considered to establish a 
starting concentration [18]. In summary, initial experiments were 
conducted with ddATP diluted into a 16 µmol/mL solution of 
MH broth with 0.2% of Tween 80, followed by serial dilution to 
50% of the concentration from 16 to 0.001 µmol/mL in a 96-well 
flat-bottom plate. Each well had an initial volume of 75 µL. The 
C. pseudotuberculosis ATCC® 19,410 colonies were incubated 
in BHI agar and dissolved into 0.85% saline solution until turbid-
ity reached the 0.5 McFarland standard and further added to the 
MH broth with 0.2% Tween 80 for a bacterial concentration of 
1.5 × 106 bacteria/mL. Seventy-five microliters of this final solu-
tion was added to each well with the ddATP (as described in the 
previous paragraph), reaching a final volume of 150 µL per well 
and making 8 µmol/mL the highest concentration of ddATP to 
be tested. Positive controls consisted of the same culture media 
volume and bacterial concentration in the well but no ddATP, and 
negative controls had only culture media with no bacteria. The 
plate was incubated at 37 °C on a shaking platform (220 rpm) in 
aerobic conditions for 48 h. Three evaluations were made: first, 
a subjective turbidity evaluation of each well; second, an optic 
density reading by a spectrophotometer (Epoch™ 2, BioTech®) 
on a 600 nm wavelength [25]; and third, a resazurin reduction test 
[26]. After optic density measurement, 50 µL of 0.05% resazurin 
was added to each well, incubated for 2 h under the same previ-
ous conditions, and observed for the color of the final solution, 
where pink indicates the presence of bacterial growth and blue/
purple violet indicates growth inhibition. The agreement of the 
three results gave a consistent MIC for ddATP.

Before the resazurin test, the wells with no apparent 
growth by presenting low optic density and clear solution 
and the positive control were cultivated in a BHI agar Petri 
dish using calibrated handles. They were incubated at 37 °C 
in aerobic conditions for 48 h and then evaluated according 
to the colony growth. The MBC was considered the con-
centration that presented no growth or a significantly low 
colony count (no more than 10 colonies) compared to the 
positive control (uncountable due to proximity of colonies).

MIC and MBC of penicillin and challenged bacterium 
growth inhibition curve

The same procedures described above were performed using 
penicillin for both strains. The concentration ranged from 8 
to 0.03125 µg/mL, using two-fold serial dilution.
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Growth inhibition curve

Using the spectrophotometer (Epoch™ 2, BioTech®), a 
growth curve for the bacteria incubated with ddATP and/or 
penicillin was made. The plate was incubated under the same 
conditions in the machine, and optic density readings were 
performed every 2 h until 48 h of incubation.

MIC, MBC, and growth inhibition curve 
for the clinical isolate

The same procedures to achieve the MIC and MBC were 
followed as described above, but using the clinically isolated 
strain and a testing concentration for the ddATP of 4 µmol/
mL (the MIC found in the ATCC® 19,410 strain).

Penicillin and ddATP synergism

C. pseudotuberculosis ATCC® 19,410 and clinical strain 
were incubated in MH broth with 0.2% Tween 80 and a 
mix of penicillin and ddATP at 1 µmol/mL (25% of their 
MIC) with 50% or 25% of the penicillin. A growth inhibition 
curve, as specified previously, was assembled and compared 
with the curves of the positive controls (bacteria cultivated 
alone; bacteria cultivated with each substance alone) to 
determine any difference. Each well with a clear medium 
after the 48th hour was cultivated in a BHI petri dish for 
another 48 h for MBC testing. A resazurin test was also per-
formed after the first 48 h of incubation in the broth.

Results and discussion

Previous studies showed fourteen bacteria species suscepti-
ble to ddATP, ten presenting a MIC lower than 2.5 µmol/mL 
and four ranging from 6 to 13.5 µmol/mL [18]. Our initial 

findings suggest an intermediate MIC of ddATP (4 µmol/
mL) for C. pseudotuberculosis ATCC® 19,410 strain com-
pared to these other bacteria, besides a bactericidal action at 
the same concentration (MBC = 4 µmol/mL). Once growth 
curves were evaluated, it was possible to observe a right dis-
placement of the curve indicating delayed bacterial growth 
when ddATP was at 2 µmol/mL, but complete inhibition 
of bacterial growth could only be observed in concentra-
tions equal to or higher than 4 µmol/mL of ddATP (Fig. 1a). 
The growth curve of an Escherichia coli mutant challenged 
with ddATP also indicated bacteriostatic action in a lower 
concentration of ddATP (0.1 µmol/mL) and bactericidal in 
higher (0.3 and 1 µmol/mL) within the first 60 and 180 min, 
respectively [17]. Moreover, other purine analogs (azathio-
prine and mercaptopurine) also presented in vitro inhibi-
tory potential that was concentration-dependent [19, 20]. 
Penicillin presented a MIC of 0.125 µg/mL and MBC of 
0.25 µg/mL on C. pseudotuberculosis ATCC® 19,410. To 
our knowledge, no available investigation was carried out 
focused on purine nucleotide analogs combined with anti-
biotics to acquire a synergism against bacteria, despite a 
pyrimidine analog that has shown synergism against Staphy-
lococcus aureus [27]. By using penicillin in lower concentra-
tions than its MIC (50%) with ddATP at knowingly sub-MIC 
(25%), inhibition of C. pseudotuberculosis growth (Fig. 1b) 
and bactericidal action were observed. These results indi-
cate a possible positive synergism of penicillin with a purine 
analog, a synergism between two classes of molecules 
(purine analog and beta-lactam antibiotic) unstated in the 
literature, to our knowledge.

Attempting to replicate these results in a clinical iso-
late of C. pseudotuberculosis, the bacteria were incubated 
with ddATP at a concentration of 4 µmol/mL, and subse-
quent two-fold dilutions presented only a right displace-
ment of the growth curve but not total inhibition of bac-
terial growth (Fig. 2a). Synergism was tested using 25% 

Fig. 1   Growth curve of Corynebacterium pseudotuberculosis ATCC 
19,410 challenged with different concentrations of ddATPs (a) or 
challenged with the combinations of ddATP and penicillin in con-
centrations below their minimum inhibitory concentration (MIC) (b). 

Labels: (▬) positive control – no challenge; (○) 8 µmol/mL ddATP; 
(□) 4  µmol/mL ddATP; (●) 2  µmol/mL ddATP; (■) 1  µmol/mL 
ddATP; (▲) 1 µmol/mL ddATP + 50% penicillin MIC; (◊) 50% peni-
cillin MIC
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of penicillin MIC combined with 1 µmol/mL of ddATP 
(lower than 25% of its MIC that is higher than 4 µmol/mL), 
which inhibited bacterial growth (Fig. 2b) and had a bacte-
ricidal action demonstrated by absence of C. pseudotuber-
culosis colonies in agar BHI petri dishes. Penicillin MIC 
and MBC were 0.25 µg/mL. If confirmed by further stud-
ies in more significant numbers of strains of these bacteria, 
our data could indicate the use of purine analogs as a new 
therapeutic option for C. pseudotuberculosis infection. It is 
essential to state, however, that this was an important first 
step to testing our hypothesis and further evaluations are 
essential before fully considering these nucleotide analogs 
as new effective therapeutic methods, using larger sample 
sizes and studying mechanistic features, such as the ability 
of these compounds to penetrate abscesses walls through 
biofilm assays or in vivo trials.

Overall, it is known that C. pseudotuberculosis infec-
tion in sheep and goats presents a high rate of recurrence 
or failure in healing after conventional clinical and/or sur-
gical treatment [9–12], and even human therapeutics show 
hardships in achieving total healing [28], probably due to 
development of pyogranulomatous reactions that difficult 
conventional antimicrobials reach therapeutic concentra-
tions inside foci of lesions. The results, for our purpose, 
revealed that ddATP can disrupt C. pseudotuberculosis 
growth and have a synergistic effect with penicillin, which 
could be a novel alternative to therapy approaches of C. 
pseudotuberculosis infections in small ruminants.
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