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ABSTRACT Counting of microbial colonies is a common technique employed in research
and diagnostics. To simplify this tedious and time-consuming process, automated systems
have been proposed. This study aimed to elucidate the reliability of automated colony
counting. We evaluated a commercially available instrument (UVP ColonyDoc-It Imaging
Station) in regard to its accuracy and potential time savings. Suspensions of Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterococcus fae-
cium, and Candida albicans (n = 20 each) were adjusted to achieve growth of approxi-
mately 1,000, 100, 10, and 1 colony per plate, respectively, after overnight incubation on
different solid media. Compared with manual counting, each plate was automatically
counted by the UVP ColonyDoc-It with and without visual adjustment on a computer
display. For all bacterial species and concentrations automatically counted without visual
correction, an overall mean difference from manual counts of 59.7%, a proportion of iso-
lates with overestimation/underestimation of colony numbers of 29%/45%, respectively,
and only a moderate relationship (R2 = 0.77) with the manual counting were shown.
Applying visual correction, the overall mean difference from manual counts was 1.8%,
the proportion of isolates with overestimation/underestimation of colony numbers amounted
to 2%/42%, respectively, and a strong relationship (R2 = 0.99) with the manual counting was
observed. The mean time needed for manual counting compared with automated counting
without and with visual correction was 70 s, 30 s, and 104 s, respectively, for bacterial colo-
nies through all concentrations tested. Generally, similar performance regarding accuracy and
counting time was observed with C. albicans. In conclusion, fully automatic counting showed
low accuracy, especially for plates with very high or very low colony numbers. After visual
correction of the automatically generated results, the concordance with manual counts was
high; however, there was no advantage in reading time.

IMPORTANCE Colony counting is a widely utilized technique in the field of microbiology.
The accuracy and convenience of automated colony counters are essential for research
and diagnostics. However, there is only sparse evidence on performance and usefulness
of such instruments. This study examined the current state of reliability and practicality
of the automated colony counting with an advanced modern system. For this, we
thoroughly evaluated a commercially available instrument in terms of its accuracy and
counting time required. Our findings indicate that fully automatic counting resulted in
low accuracy, particularly for plates with very high or very low colony numbers. Visual
correction of the automated results on a computer screen improved concordance with
manual counts, but there was no benefit in counting time.

KEYWORDS colony counting, automatic counts, bacteria, yeast, agar

Colony counting remains one of the most commonly used methods for determining
the number of microorganisms in a sample (1, 2). Disregarding possible adhesion

interactions and assuming sufficient dispersion, one vital cell of cultivable bacterial or fungal
microorganisms being inoculated onto a solid nutrient medium gives rise to one colony
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after the incubation, typically overnight. Grown colonies are usually visible to the naked
eye and can be counted. The term CFU, or typically CFU/milliliter, is therefore applied to
indirectly describe the microbial concentration in the original suspension (3). The colony
counting method is relatively simple, when small numbers of petri dishes with (semi-)
solid agar media have to be counted, e.g., for confirmation of test inocula in antimicro-
bial susceptibility testing (1, 3). However, if performed manually, this process depends on
the subjective skills of the person performing the task. In particular, the manual counting
of colonies can become a laborious and tiring task when numerous plates are processed.
As an example, determination of minimal bactericidal concentrations or, particularly, evalua-
tion of rapidity of bactericidal effect in time-kill experiments necessitates that multiple samples
of serial dilutions be investigated for different drug concentrations, time points, replicates, and
other issues (4, 5). Moreover, high colony numbers may lead to false results because often
only parts of a given plate are being counted. Automated colony counters have been devel-
oped for handling high plate volumes (6). However, the accuracy of counting should remain
the highest priority (6, 7).

In this study, we evaluated a commercially available instrument for automated counting
of microbial colonies in regard to its accuracy and potential time saving. For this, we chal-
lenged the device with various bacterial and fungal species possessing different morphological
characteristics. Moreover, different agar types were included.

(Parts of this study were presented at the Annual Meeting of the German Society for
Hygiene and Microbiology [DGHM] in 2022, Berlin, Germany [136/DKMV]).

RESULTS
Evaluation of accuracy. In comparison with the manual counts, the overall mean

difference of the automated count without and with visual correction was 59.7% and 1.8%,
respectively, for all bacterial species and concentrations tested on tryptic soy agar (TSA)
(Table 1). For Candida albicans, the mean difference for the automated count was 71.4%
without visual correction and 2.8% with visual correction (Table 2). For two bacterial spe-
cies tested on Columbia blood agar (CBA), the mean differences of the automated count
without visual correction and the automated count with visual correction were 18.3% and
1.0% (Table 3), respectively. The corresponding results for each microbial concentration tested
are demonstrated in Tables 1 to 3.

For all bacterial species and all concentrations counted on TSA, the automated counts
without correction showed only a moderate relationship (R2 = 0.77) with manually acquired
results (Fig. 1A), while machine counts with correction were strongly related (R2 = 0.99) with
manual results (Fig. 1B). A similar trend was observed for C. albicans (R2 = 0.96 for automated
counts without correction and R2 = 0.99 for the counts with correction) (Fig. 2A and B) and
for two bacterial species investigated on CBA (R2 = 0.94 for automated counts without cor-
rection and R2 = 0.99 for the counts with correction) (Fig. 3A and B). The regression equa-
tions and R2 values for individual microbial concentrations are given in Fig. 1 to 3.

For automated counts performed for all bacterial species and concentrations on TSA
without visual correction and with visual correction, the proportions of isolates with overesti-
mation/underestimation of colony numbers were 29%/45% and 2%/42%, respectively. The
number of colonies on a plate was overestimated/underestimated in 7%/59% and 13%/50%
of C. albicans isolates without visual adjustment and with visual adjustment of automated
counting, respectively. For the counting of bacteria on CBA, overestimation/underestimation
of colony numbers was observed in 12%/53% and 8%/26% of isolates, when automatically
generated results were not visually adjusted and when they were visually adjusted, respec-
tively. The proportions of isolates with overestimation or underestimation of counts for each
microbial concentration are shown in Fig. 4A to C.

Assessment of counting time. The mean time needed for manual counting, auto-
mated counting without visual correction, and automated counting with visual correction of
bacterial colonies on TSA was 70 s, 30 s, and 104 s, respectively, for all concentrations tested
(Fig. 5A). For counts of C. albicans colonies, corresponding times of 128 s, 33 s, and 156 s
were recorded (Fig. 5B). These counting times (manual, automated without visual correction,
and automated with visual correction) amounted to 74 s, 29 s, and 87 s for the two bacterial
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species grown on CBA, respectively (Fig. 5C). The time spent for counting of each microbial
concentration is shown in detail in Fig. 5A to C.

DISCUSSION

The counting of microbial colonies on agar plates is a commonly used method in
laboratories but is very time-consuming depending on the number of plates. This procedure
could be simplified and shortened if the counting was automated. Solutions range from free
or low-cost software that can be used with a smartphone camera (6–9) to advanced com-
mercially available instruments (6, 10–12).

TABLE 2Mean difference of automated counts with and without visual correction for Candida albicans (n = 20) grown on Sabouraud agar,
compared with manual count

Expected approx
concn in suspension,
CFU/mL

Expected approx
colony no./plate, n

Real colony no./plate,a n Mean difference frommanual count (%)

Mean Median Range
Automated count without
visual correction

Automated count with
visual correction

All concns All colony no. 270 30 0–1,578 71.4 2.8
105 1,000 1,076 1,142 503–1,578 41.4 5.2
104 100 181 194 37–277 20.4 0.9
103 10 22 24 5–40 16.0 2.1
102 1 3 3 0–7 207.4 3.0
aAccording to the manual counting.

TABLE 1Mean difference of automated counts with and without visual correction for bacterial species grown on tryptic soy agar, compared
with manual count

Species (no. of strains)

Expected approx
concn in suspension,
CFU/mL

Expected approx
colony no./plate, n

Real colony no./plate,a n
Mean difference from
manual count (%)

Mean Median Range

Automated
count without
visual correction

Automated
count with
visual correction

Overall total
(all species and concns)

184 16 0–1,248 59.7 1.8

Staphylococcus aureus (n = 20) All concns All colony no. 211 16 0–1,248 58.7 0.9
105 1,000 753 805 97–1,248 39.2 2.6
104 100 84 94 5–137 9.7 0.7
103 10 8 8 0–17 27.7 0.4
102 1 1 0 0–2 158.3 0.0

Enterococcus faecium (n = 20) All concns All colony no. 182 27 0–1,068 33.1 2.9
105 1,000 642 609 442–1,068 27.6 1.8
104 100 76 72 36–137 9.8 2.1
103 10 8 7 4–18 19.3 2.8
102 1 1 1 0–4 75.8 5.0

Escherichia coli (n = 20) All concns All colony no. 184 27 0–884 70.9 1.6
105 1,000 675 630 329–884 78.2 3.9
104 100 94 94 37–127 29.4 2.0
103 10 10 10 3–16 20.3 0.4
102 1 1 1 0–3 155.6 0.0

Klebsiella pneumoniae (n = 20) All concns All colony no. 153 13 0–883 73.2 1.1
105 1,000 513 575 99–883 66.0 2.2
104 100 71 79 3–129 18.8 2.0
103 10 9 9 0–16 27.4 0.0
102 1 1 1 0–5 180.6 0.0

Pseudomonas aeruginosa (n = 20) All concns All colony no. 192 29 0–993 62.7 2.5
105 1,000 654 633 215–993 51.0 3.3
104 100 85 86 42–157 16.2 5.0
103 10 8 7 1–15 42.1 1.8
102 1 1 0 0–4 141.7 0.0

aAccording to the manual counting.
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The study’s main intention was to elucidate the question of whether a modern automatic
colony counter is reliable enough to eventually replace tedious manual counting. With this
aim, we performed a thorough evaluation of the UVP ColonyDoc-It Imaging Station (Analytik
Jena US). We were unable to find any publication evaluating this instrument for counting
microbial colonies. However, there are reports of using it for counting colonies of mammalian
cell cultures (13, 14).

In total, 640 agar plates were evaluated in our study. We included microbial species
that are common in clinical diagnostics and are frequently used in research. These species
represented Gram-positive and Gram-negative bacteria as well as yeasts to reflect the broad
range in colony shape, size, and color. Twenty isolates of each species were included as the
colony morphology may considerably vary within the same species. All isolates were tested
on transparent agar, which was TSA for bacteria and Sabouraud agar for yeasts. Additionally,
Staphylococcus aureus and Enterococcus faecium were tested on CBA to investigate whether
the specific hemolysis zones formed with these species around the colony on a blood-con-
taining medium or/and the blood-containing medium itself may limit the performance of
the instrument.

The experiments revealed low accuracy of the fully automatic counts, especially for the
plates with very high or very low bacterial density (Tables 1 to 3; Fig. 1 to 4). After visual
editing of the automated counts through the software interface using saved and labeled
pictures, correlation with manual counts was considerably improved (Tables 1 to 3; Fig. 1
to 4). As in other reports (6), the latter improvement in accuracy was at the expense of
considerable time investment for human intervention (Fig. 5).

The accuracy of and the time spent for the counting of C. albicans (Table 2, Fig. 2, Fig. 4B,
and Fig. 5B) were similar to those documented for bacterial species grown on TSA
(Table 1, Fig. 1, Fig. 4A, and Fig. 5A). Thus, counting of yeasts does not seem to represent
a specific challenge for automatic systems. Also, there were no remarkable differences in
performance when S. aureus and E. faecium, which on blood-containing media produce
complete hemolysis or alpha-hemolysis, respectively, were tested on CBA (Table 3,
Fig. 3, Fig. 4C, and Fig. 5C), compared with the testing on TSA. A previous study demon-
strated accurate discrimination of alpha-hemolytic colonies of Streptococcus pneumoniae
on CBA with a novel segmentation algorithm (15). Another recent study reported
poor recognition of hemolytic colonies by a professional automated counter and by phone
applications (6).

Underestimation of colony numbers by the automated system was frequently observed
at high colony densities, whereas overestimation of counts was often observed at low colony

TABLE 3Mean difference of automated counts with and without visual correction for Staphylococcus aureus and Enterococcus faecium grown
on Columbia blood agar, compared with manual count

Species (no. of strains)

Expected approx
concn in suspension,
CFU/mL

Expected approx
colony no./plate, n

Real colony no./plate,a n
Mean difference from
manual count (%)

Mean Median Range

Automated
count without
visual correction

Automated
count with
visual correction

Overall total
(both species and all concns)

175 20 0–1,061 18.3 1.0

Staphylococcus aureus (n = 20) All concns All colony no. 182 20 0–1,061 23.3 0.7
105 1,000 629 610 304–1,061 40.2 0.9
104 100 91 87 19–134 14.8 1.7
103 10 9 9 0–21 13.0 0.0
102 1 1 1 0–3 25.0 0.0

Enterococcus faecium (n = 20) All concns All colony no. 168 24 0–839 13.2 1.2
105 1,000 582 559 337–839 16.0 2.5
104 100 79 75 35–121 6.3 0.9
103 10 8 8 1–13 5.3 1.6
102 1 1 1 0–2 25.0 0.0

aAccording to the manual counting.
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densities. A similar trend was reported from early (16, 17) and more recent (7, 10, 12, 18, 19)
studies performed with other systems.

The counting errors occurring with plates densely covered with colonies were most com-
monly due to confluent colonies which could not be discriminated by the machine. However,
we also observed that, in the setting of very high colony numbers, individually located discrete
colonies were occasionally not recognized. Problematic separation of the overlapping colonies
by the automatic algorithms has been reported by many authors as one of the most impor-
tant sources of errors (11, 17, 19). On the other hand, the instrument detected not only the
real colonies but also scratches and air bubbles in the agar, imprints on the petri dish, and
light reflections. These errors, which were also found in other studies (6, 7, 9, 10, 16, 17, 20),
led to the false-positive results, particularly at low concentrations.

Early descriptions of automated colony counters appeared decades ago (16, 17). At that
time, concern had been expressed regarding discrepancies with manual counting (17),
which remains the gold standard method for colony enumeration nowadays (7, 8, 18). In
our study and in other recent publications with contemporary systems (6, 7), such concerns
regarding the accuracy of fully automatic counting continue to exist. In 2022, Moucka et al.
evaluated four smartphone colony counter applications and found that the performance
varied from poor to good, depending on the application used (7). The authors concluded
that none of the evaluated products can fully replace manual counting but applications can
be used to provide an estimation of the CFU numbers or semiquantitative results (7).
Young et al. demonstrated compromised accuracy of counting systems unless consid-
erable time was invested for human adjustment (6).

FIG 1 Relationship between automated colony counts and manual counting for all tested bacterial species
on tryptic soy agar. (A) Automated colony counts without visual correction. (B) Automated colony counts
with visual correction. 105, 104, 103, and 102, expected approximate concentration levels in suspensions
(CFU/milliliter) which after plating onto agar result in the expected approximate colony numbers of 1,000,
100, 10, and 1 per plate, respectively.
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In general, our study revealed insufficient accuracy of fully automated counting. It may
provide only a very crude estimation of colony numbers which would satisfy only a limited
number of applications. When automated counts were visually adjusted, correlation with
manual counts was considerably improved. Still, discrepancies with manual results were
frequently observed. Automated counting with visual correction of results may be a useful
approach, if the task requirements can be fulfilled with the approximation of colony num-
bers. Due to the time expenditure for human adjustment, however, there was no advant-
age in reading time compared with manual counting. Possible negative effects of longer
working hours at digital displays must also be taken into account (21).

Manual colony enumeration remains indispensable when the goal is to achieve the
highest accuracy of counting. For many applications, the counting needs to be highly
exact in the higher and the lower range of colony numbers. To illustrate the latter require-
ment, the investigation of bactericidal activity can be taken as an example. The guideline for
determination of bactericidal activity of antimicrobial drugs specifies the final inoculum used
in the test to be 5 � 105 CFU/mL, and the bactericidal activity is defined as killing 99.9% of
the initial inoculum (4). Thus, a cutoff of 5 � 102 CFU/mL divides evidence from no evidence
of bactericidal activity; that is exactly 5 colonies on a petri dish if 10-mL samples are spread.
Thus, the highest accuracy of colony counting is of paramount importance for this application.

Several authors tried to define acceptance criteria for the accuracy of automated count-
ing systems (6, 11, 19, 22–24). The accuracy was defined as acceptable if the automated
counts were within an 0.5-log10 range of the manual count (11, 23, 24), if 90% of the auto-
mated counts were within 10% of the corresponding manual count (22), or if the counting

FIG 2 Relationship between automated colony counts and manual counting for Candida albicans on
Sabouraud agar. (A) Automated colony counts without visual correction. (B) Automated colony counts
with visual correction. 105, 104, 103, and 102, expected approximate concentration levels in suspensions
(CFU/milliliter) which after plating onto agar result in the expected approximate colony numbers of 1,000,
100, 10, and 1 per plate, respectively.
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error was not higher than 15 to 20% (6, 19). In our opinion, no definition of accuracy will
match the requirements of every application. Rather, it will remain the investigator’s responsi-
bility to determine whether the system’s accuracy is appropriate for a particular application.

The limitation of our study is that manual counting, with which other results were
compared as with reference values, was performed by one investigator. However, a
recent study indicated that variance was low when manual CFU counting was done by
three independent individuals (7). An important source of errors with manual enumer-
ation is counting only a portion of the plate area and then multiplying by the total
number of sectors (6, 15, 16). Obviously, this practice should not be used when exact
results are needed or when the manual results are used as a reference for evaluation of
automated systems. Otherwise, manual reading is straightforward, and even such phe-
nomena as partly confluent colonies or colonies in the rim area can easily be recog-
nized. In our study, the same microbiology scientist completely counted all plates
throughout the study to ensure uniform reading. The same holds true for feeding the
plates into the instrument prior to the automated counting and for visual adjustment
of colony numbers on the screen after automated counting. While the fully automated
counting is not affected by an operator, the accuracy of the visual adjustment may be
lower if performed by a less experienced user. Another study limitation is that it was
naturally not feasible to test all clinically relevant species or microorganism groups,
e.g., anaerobes.

FIG 3 Relationship between automated colony counts and manual counting for S. aureus and E. faecium
on Columbia blood agar. (A) Automated colony counts without visual correction. (B) Automated colony
counts with visual correction. 105, 104, 103, and 102, expected approximate concentration levels in suspensions
(CFU/milliliter) which after plating onto agar result in the expected approximate colony numbers of 1,000,
100, 10, and 1 per plate, respectively.
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In conclusion, the fully automatic counting showed low accuracy, especially for plates
with very high or very low colony numbers. After visual correction of the automatically
generated results, the correlation with manual counts was high; however, there was no
advantage in reading time. There were no appreciable differences in accuracy between

FIG 4 Percentage of isolates with overestimation and underestimation of colony numbers by automated counting without visual
correction and with visual correction, compared with manual counting. (A) For all tested bacterial species on tryptic soy agar. (B)
For Candida albicans on Sabouraud agar. (C) For S. aureus and E. faecium on Columbia blood agar.
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the different agar types and microorganisms. It seems that even in the current era of tech-
nological advances in the life sciences, reliable colony counting by automated systems
remains challenging and does not reach the reliability of the human eye (and judgment).
Automatic counting provides an approximation of colony numbers but cannot replace
manual counting if high accuracy is required. Significant improvement in accuracy of auto-
matic colony counting would considerably expand the range of potential implementa-
tions, including academic studies, industrial research, and clinical diagnostics.

MATERIALS ANDMETHODS
Microbial strains. For the counting experiments, which took place between April and September

2022, five different bacterial species and one yeast species were used. Twenty consecutively collected clinical
strains of each of the following species were included: Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Enterococcus faecium, and Candida albicans. Only one isolate per patient
was eligible.

Preparation of inoculum. The strains were cultivated overnight on Columbia blood agar (BBL
Columbia agar with 5% sheep blood; BD, Franklin Lakes, NJ, USA) at 35 6 1°C in ambient air. A colony from
the overnight culture was adjusted to an 0.5 McFarland turbidity standard in 2 mL 0.9% NaCl to obtain a mi-
crobial concentration of approximately 1 � 108 CFU/mL for the bacteria and approximately 1 � 106 CFU/mL
for C. albicans. Afterward, the cultures were serially diluted 1:10 in 0.9% NaCl to produce suspensions contain-
ing approximately 105, 104, 103, and 102 CFU/mL. From each dilution of bacterial suspensions, 10-mL samples

FIG 5 Time for counting of colony numbers by automated counting without visual correction and with
visual correction, compared with manual counting. (A) For all tested bacterial species on tryptic soy agar.
(B) For Candida albicans on Sabouraud agar. (C) For S. aureus and E. faecium on Columbia blood agar.
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were plated onto a 90-mm tryptic soy agar (TSA) plate (BD Diagnostics, Heidelberg, Germany), anticipating the
growth of approximately 1,000, 100, 10, and 1 colony per plate, respectively. The suspensions were evenly
spread using a bent inoculation loop as a cell spreader. For E. faecium and S. aureus, these serial dilutions
were additionally plated on a 90-mm Columbia blood agar plate. For the yeasts, 10-mL samples were plated
onto 90-mm Sabouraud agar plates (Sabouraud agar with gentamicin and chloramphenicol; BD, Heidelberg,
Germany). Incubation was performed for 18 to 20 h at 356 1°C.

Automated versus manual colony counting. For each plate, the counting was performed with
three different procedures: (i) fully automated counting by the instrument without any visual adjust-
ment, (ii) automated counting by the instrument with additional visual adjustment on a computer dis-
play, and (iii) manual counting. Each strain was tested once with each of these procedures.

Automated counting was performed by the UVP ColonyDoc-It Imaging Station (Analytik Jena US,
Upland, CA, USA) using the VisionWorks Capture and Analysis software 9.1 (Analytik Jena US). All plate pic-
tures were captured with the high-quality-standard setting, with the doors of the imaging station closed,
with overhead white light, and with a black background plate. The agar plates were automatically counted
with the agar surface facing up toward the camera with plate lids removed. These fully automatically obtained
results were recorded.

Subsequently, the pictures of plates with the labeled results of the fully automated colony counting
were visually observed by the investigator on a computer display. In the case of obvious deviations, the
results were manually adjusted through the software interface and documented.

For the manual counting, the plates were placed with the lid closed onto the illuminated stage of a
manual colony counter (SC61; Cole-Parmer, St Neots, United Kingdom) and counted visually from the
back without any magnifying aids. Due to the limited transparency of the Columbia blood agar, these
plates were additionally checked from the front side without a lid.

The time needed for each counting procedure was recorded.
Statistical analysis. Regression analysis was performed with each microbial concentration for the

automated colony counts without visual correction and for the automated counts with visual correction.
The results of manual counting were used as reference values. Statistical and graphical analysis was per-
formed with GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).
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