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Abstract 

The Type IV-A1 CRISPR-Cas system of Pseudomonas oleovorans provides defense against mobile genetic elements in the absence of 
target DN A de gr adation. In recent studies, Esc heric hia coli BL21-AI cells with Type IV-A1 CRISPR-Cas acti vity displayed a heter ogeneous 
colony growth phenotype . Here , w e developed a convenient smartphone-mediated automatic remote-controlled time-lapse imaging 
system (SMARTIS), that ena b les monitoring of growing bacteria over time. The system’s design includes a custom-built imaging box 
equipped with LED lights, an adjusta b le heating system and a smartphone that can be r emotel y contr olled using fr eel y av aila b le, 
user-friendly applications. SMARTIS allowed long-term observation of growing colonies and was utilized to anal yze differ ent gr owth 

behaviors of E. coli cells expressing Type IV-A1 CRISPR ribonucleoproteins. Our findings reveal that heterogeneity in colonies can 

emerge within hours of initial growth. We further examined the influence of different expression systems on bacterial growth and 

CRISPR interfer ence acti vity and demonstrated that the observ ed heter ogeneity of colony-forming units is str ongl y influenced by 
plasmid design and backbone identity. This study highlights the importance of careful assessment of heterogenous colony growth 

dynamics and describes a r eal-time ima ging system with wide applications beyond the study of CRISPR-Cas activity in bacterial hosts. 

Ke yw ords: microbial colonies; real-time imaging; colony heterogeneity; E. coli ; CRISPR-Cas systems; CRISPRi 
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Introduction 

T he disco v ery of CRISPR-Cas systems highl y impacted the field of 
genetic engineering, offering robust tools for precise genome edit- 
ing. CRISPR (cluster ed r egularl y interspaced short palindromic re- 
peats) systems consist of nonre petiti ve spacer sequences, deri ved 

fr om inv ading DNA (pr otospacers), that ar e flanked by short palin- 
dr omic r e peats. Ad ditionally, cas (CRISPR-associated) genes can be 
usually found in close vicinity to a CRISPR array (Barrangou et al.
2007 , Horv ath and Barr angou 2010 , Makar ov a et al. 2011 ). CRISPR- 
Cas systems adapt to and fight against mobile genetic elements 
(MGEs), and ar e pr esent in a wide r ange of bacteria and most ar- 
c haea (Br ouns et al. 2008 , Sor ek et al. 2008 ). Among the div erse 
CRISPR-Cas systems, the Type IV-A systems are characterized by a 
core set of Cas proteins that mediate plasmid clearance and gene 
regulation via a CRISPRi-like mechanism (Crowley et al. 2019 , Öz- 
can et al. 2019 , Guo et al. 2022 , Benz et al. 2024 , Sanchez-Londono 
et al. 2024 ). T hus , unlike other CRISPR-Cas systems, Type IV-A does 
not cleave its target DNA, but is proposed to block transcription 

or transcription initiation. The presence of a protospacer adjacent 
motif (PAM) allows the host to identify foreign target DNA and 

enables defense against a wide variety of MGEs (Guo et al. 2022 ,
Sanchez-Londono et al. 2024 ). 

Our recent studies focused on the analysis of the Type IV- 
A1 CRISPR-Cas system found in Pseudomonas oleovorans strain 

DSM1045 (Guo et al. 2022 , Sanchez-Londono et al. 2024 ). The sys- 
tem was shown to mediate interference against genomic, plas- 
mid, and pha ge DNA. Her e, endpoint ima ges of LB a gar plates 
Recei v ed 4 December 2024; revised 8 February 2025; accepted 31 Mar c h 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ere examined, in which colonies were evaluated for their num-
er and color. Heterogeneity of colonies after lacZ -targeting as-
ays was observed, but not further investigated (Guo et al. 2022 ).
o w e v er, examination of the growth of macr oscopicall y visible
olonies is important to draw significant conclusions, providing a 
r oader perspectiv e on micr obial population dynamics, comm u-
ity interactions, and the impact of environmental factors on bac-
erial growth (Warren et al. 2019 ). 

Colon y mor phology, size, and distribution can indicate differ-
nces in metabolic activity, virulence, or resistance mechanisms 
cr oss the population. Mor eov er, anal yzing whole colonies can r e-
eal patterns of competition among bacteria and allows to follow
he influence of spatial organization on growth and survival. 

While ther e ar e se v er al systems able to visualize colonies at
ingle time-points or over time (Clarke et al. 2010 , Brugger et al.
012 , Peñil Cobo et al. 2018 ), the analysis of colony growth dy-
amics usually is characterized by high cost and technical com-
lexity. The systems often r equir e sophisticated equipment, suc h
s high-r esolution camer as , en vir onmental contr ol c hambers for
olon y gr o wth, and softw ar e interfaces that ar e often complex.
 hus , affordable and user-friendly solutions for time-lapse imag-

ng of bacterial colonies ar e needed. In r ecent years, efforts have
een made to de v elop cost-effectiv e systems for studying bac-
erial colonies. A microbial chamber (MOCHA) and various flu- 
r escence micr oscop y methods w er e de v eloped to allow ima g-
ng of bacterial colon y gr owth, while pr e v enting dehydr ation and
ondensation during long-term imaging (Peñil Cobo et al. 2018 ,
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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olina-Santia go et al. 2022 ). Additionall y, an inexpensiv e ima g-
ng box was designed to document colonies at specific time-points
Smith and Schuster 2021 ). Further methods focused on the use of
ff-the-shelf components, such as smartphones, 3D-printed parts,
nd simple mechanical setups to achieve affordable high-quality
ma ging (Hernández Ver a et al. 2016 , Sc haefer et al. 2023 ). By com-
ining affordability with ease of use, these platforms have the po-
ential to access advanced imaging technologies. Ho w ever, these

ethods are often limited in their ability to grow bacteria at op-
imal temper atur es . T hus , we created the smartphone-mediated
utomatic r emote-contr olled time-la pse ima ging system (SMAR-
IS), a conv enient a ppr oac h designed to maintain optimal gr owth

emper atur es while being cost-effective and user friendly. 
We used SMARTIS to ca ptur e the growth of Esc heric hia coli

olonies after different CRISPR activity assays with the Type IV-
1 CRISPR-Cas system of P. oleovorans and were able to uncover
otential causes for heter ogenous gr owth of colon y-forming units

CFU). 

aterials and methods 

ulture conditions and strains 

sc heric hia coli DH5 α and E. coli BL21-AI were cultivated in LB media
t 37 ◦C, optionally supplemented with appropriate antibiotics. 

esign and gener a tion of CRISPR-Cas plasmids 

 deri vati ve of a pETDuet™-1 plasmid (pSR13) was created to
ncode for the Type IV-A1 CRISPR-Cas associated genes from P.
leovorans DSM 1045 (GenBank: NIUB00000000.1). Another plas-
id (pSR24) expresses the appropriate crRNA-precursor. Here, the

RISPR array carries a synthetic spacer sequence (32 bp) com-
rising recognition sites of the Type IIS restriction endonucle-
se BseRI, flanked by repeat sequences from the native Type IV-
1 CRISPR arra y. T he CRISPR arra y and associated spacer se-
uences (targeting either pSR14 or the lacZ gene) were cloned
ccording to Rust and Randau ( 2024 ). Generated plasmids were
ransformed into chemically competent E. coli DH5 α cells and
ubsequently plated on Lysogeny Broth (LB) agar plates supple-
ented with 100 μg/ml ampicillin and 100 μg/ml spectinomycin.

uccessful cloning was confirmed by Pol ymer ase Chain Reac-
ion (PCR) using primers flanking the insertion site . T he inte-
ration was further verified through Sanger sequencing. A de-
ailed ov ervie w of plasmids used in this study can be found in
able S1 . 

MARTIS 

ur SMARTIS is based on the use of a smartphone with suit-
ble applications . T he smartphone used in this study (Samsung
alaxy S7 mini) contains a camera with 12 megapixels , pro viding
etailed and clear images of colonies. For image capture, the stan-
ard camera app was used in combination with an auto clicker ap-
lication (e.g. Autoclicker by Simple Design Ltd.). The camera ap-
lication controls exposure, color, and focus of the camera of the
martphone. Ev entuall y, the auto clic ker can be configur ed to trig-
er the camera after a specified time to ca ptur e an ima ge, while
e ca ptur ed an ima ge e v ery 10 min. For r emote access and contr ol
f the smartphone further a pplications (e.g. TeamVie wer Host in
ombination with TemaViewer full client) can be used. T hus , the
martphone can be r emotel y contr olled at an y time and fr om an y
ocation, allowing for continuous tr ac king of images . T he images
an be stored on the smartphone and eventually transferred to a
omputer for further analysis. 
esign and construction of SMARTIS 

MARTIS is a custom-built imaging chamber designed to facili-
ate the consistent and r eliable ca pturing of colony growth using
 smartphone . T he de vice combines contr olled lighting, temper a-
ur e r egulation, and an adjustable platform to optimize the imag-
ng conditions (Fig. 1 A and B). 

The box is a cubic chamber with dimensions of 40 cm × 40 cm
40 cm, providing enough space to incubate up to four petri

ishes at the same time and consists of multiple panels made of
ol yvin yl c hloride (PVC) and milky plexiglass, whic h ar e attac hed
o a cubic metal frame. Light-emitting diodes (LED) are embed-
ed between the panels and powered by a power suppl y. Her e, the
ables are hidden within the gaps of the different panels, while
mall holes drilled into the plexiglass and PVC route the cables
o the po w er supply, that is attached on the outside of the imag-
ng box. By connecting the po w er supply to a switch and a tun-
ng control, the LEDs can be turned on and off and dimmed as
eeded. A heating mat, controlled by a digital thermostat, is inte-
rated into the box to maintain a constant internal temper atur e of
 oom temper atur e up to 42 ◦C. A custom-built smartphone holder
s installed on the inner ceiling of the imaging box. This holder is
djustable via scr e ws, making it compatible with various smart-
hone models. A hole in the top panel of the box allows for cable.
 table that e v entuall y carries the heating mat and agar plates

s mounted on a scissor lift, allowing for height adjustments . T he
oor of the imaging box has an additional metal frame with plexi-
lass mounted on it, allowing for the integration of additional LED
trips behind the panel. The k e y components r equir ed to assemble
 SMARTIS, along with their associated costs, are listed in Table 1
nd Table S2 . 

fficiency of tr ansforma tion assays 

sc heric hia coli BL21-AI cells wer e tr ansformed with plasmids en-
bling the production of recombinant Type IV-A1 crRNPs tar-
eting the plasmid pSR14 (see Table S1 ). Production of cr-
NPs was induced by the addition of 0.1 mM isopropyl- β- d -
hiogalactopyranoside (IPTG) and 0.2% arabinose to the E. coli cells,
hic h wer e then tr ansformed with pSR14, a tar get v ector carrying
 matching protospacer and a 5 ′ -AAG-3 ′ PAM sequence . T he pSR15
ector with a nonmatching protospacer served as a negative con-
r ol. Cells wer e plated on LB a gar plates supplemented with a p-
ropriate antibiotics (100 μg/ml ampicillin; 100 μg/ml spectino-
 ycin; 50 μg/ml kanam ycin or 34 μg/ml c hlor amphenicol) and in-

ubated at 37 ◦C. Growth was optionally observed using SMARTIS
nd transformation efficienc y w as calculated while normalizing
o the negative control. Images of re presentati ve LB agar plates
ere taken using the Gel Stick “Touch” or SMARTIS. 

RISPR interference assays 

sc heric hia coli BL21-AI cells able to pr oduce r ecombinant Type
V-A1 crRNPs using one or two plasmids and targeting the lacZ
ene (see Table S1 ) were cultured for 5 h at 37 ◦C in 3 ml of LB
upplemented with r espectiv e antibiotics (100 μg/ml ampicillin;
00 μg/ml spectinomycin or 50 μg/ml kanamycin). Cultures were
iluted to an OD 600nm 

of 2 and a dilution series up to 10 –5 was pre-
ar ed. Cells wer e tr ansferr ed onto LB a gar plates supplemented
ith a ppr opriate antibiotics, 40 μg/ml X-gal, 0.2% ar abinose, and
 mM IPTG. Plates were incubated at 37 ◦C. Ima ges wer e ana-
yzed using OpenCFU 3.8-BETA (Geissmann 2013 ), while the color
lter was set to a hue angle of 0–80 to distinguish white and
lue colonies. Images of re presentati ve LB agar plates were taken

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
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(A) (B)

Figure 1. Ima ging c hamber SMARTIS. (A) Sc hematic r epr esentation of SMAR TIS. The w alls of SMAR TIS consist of plexiglass in whic h LED lights ar e 
installed. Here, a metal frame serves to attach inner and outer panels made out of PVC or Plexiglas. LED lights are turned on using a switch on the 
outside, while light intensity can be regulated via a tuning control. A smartphone is placed in a holder, while its camera is facing down. The holder can 
be adjusted to fit any smartphone model. Agar plates can be placed on a heat mat that is manually regulated with a thermostat, while a temperature 
sensor measures the temperature inside the box. The height of a table that holds the heat mat and the agar plates can be adjusted using a scissor lift. 
The illustration reflects SMARTIS in a scale of 1:10. (B) Images of the assembled imaging chamber. The top image shows SMARTIS with the front door 
open, while the bottom image presents a closed view. 

Table 1. Components used for SMARTIS with examples and ap- 
proximate costs. 

Component Example 
Appr o ximate 

cost 

Smartphone Samsung Galaxy S7 mini 170 €
Heating mat Seedling heat mat (Riogoo) 18 €
Temper atur e 
regulator 

Digital wireless temperature 
contr oller soc ket (Ruizhi) 

18 €

Smartphone cooling FunCooler 3 Pro 40 €
Chamber (this 
study) 

Custom-built (see methods) 379 €

Total: 625 €
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using a smartphone (Samsung Galaxy S7 mini), while a micro- 
scope for smartphone was used to enhance single colonies. 

Analysis of time-lapse images 

The automated image analysis tool ColTapp was used to analyze 
time-la pse ima ges of a gar plates (Bär et al. 2020 ). For further anal- 
ysis R Studio ( https:// posit.co/ ) was used, while gr a phs wer e gen- 
erated using GraphPad Prism (v8.0.2). 

Results and discussion 

Observ a tion of heterogenous colonies with Type 

IV-A1 crRNP production 

Pr e vious studies indicated efficient plasmid interference and self- 
targeting activity when using a recombinant Type IV-A1 CRISPR- 
Cas system in E. coli , while crRNPs wer e expr essed using a two- 
plasmid a ppr oac h. Her e, essential cas genes and a minimal CRISPR 

arr ay ar e located on two differ ent plasmids (Cr owley et al. 2019 ,
uo et al. 2022 ). In this study, we examined plasmid- and genome-
argeting activity in more detail to analyze colony heterogene- 
ty during Type IV-A1 interference. We first r epr oduced the two-
lasmid a ppr oac h for the expression of recombinant Type IV-A1
rRNPs in E. coli BL21-AI. T hus , we used a pETDuet-1™ deri vati ve
ncoding for all Type IV-A1 cas genes from P. oleovorans DSM 1045
nd a pCDFDuet-1™ deri vati ve encoding for a synthetic crRNA
see Table S1 ). After introduction of the plasmids in E. coli cells,
ype IV-A1 crRNP formation was induced with arabinose and IPTG
Fig. 2 A). 

We first performed lacZ targeting assa ys , while a synthetic cr-
NA is targeting the genomic gene lacZ in E. coli BL21-AI as pre-
iously described (Guo et al. 2022 ). Successful downregulation of

acZ expression by Type IV-A1 CRISPR-Cas activity e v entuall y leads
o the a ppear ance of white colonies on LB plates supplemented
ith X-Gal (Fig. 2 B), while a nontargeting (NT) or dysfunctional

ystem results in only blue colonies. Using the described expres-
ion system, we obtained blue colonies when using a NT system,
nd blue and white colonies after targeting the lacZ gene (Fig. 2 C).
e were also able to produce individual colonies showing a mix-

ure of blue- and white-colored sections . T hus , we further exam-
ned the heterogeneous colonies and observed a cloud-like, irreg- 
lar pattern with varying shades of blue (Fig. 2 C). While white
olonies typically indicate effective targeting and repression of 
acZ , the occurrence of mixed blue–white colonies suggests incom-
lete or une v en tar geting efficiency acr oss the bacterial popula-
ion or unequal inheritance of the expression plasmids . T his vari-
bility could arise from differences in crRNP assembly, plasmid 

 eplication, or segr egation during cell division, leading to subpop-
lations within individual colonies with varying plasmid num- 
ers or targeting activity (Tomoiaga et al. 2022 ). Ho w ever, het-
rogeneity of colonies was primarily associated with lacZ genome 

https://posit.co/
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data


4 | microLife , 2025, Vol. 6 

Figure 2. Type IV-A1 CRISPRi assays result in heterogenous colonies. (A) Plasmids contain genes encoding the Type IV-A1 crRNP proteins (Cas5, Cas6, 
Cas8, Cas7, and CasDinG) and a minimal CRISPR array (re peat-spacer-re peat). After induction with arabinose and IPTG proteins associate to Type 
IV-A1 crRNPs with synthetic crRNAs, while recruitment of CasDinG occurs after DNA binding. (B) Schematic of a lacZ -targeting assay. Escherichia coli 
cells express Type IV-A1 crRNPs targeting the genomic gene lacZ . Colonies can be visually differentiated by color (blue or white). Blue color indicates 
intact lacZ and refers to ineffective CRISPR-Cas activity (no interference), while white colonies indicate inhibition of lacZ and, thus, effective targeting 
(interference). (C) Type IV-A1 crRNPs with a targeting crRNA against lacZ (T) or a nontargeting crRNA with a random spacer (NT) are expressed, while 
r epr esentativ e ima ges of LB a gar plates of a 10 –4 dilution and a single colon y after a lacZ tar geting assay ar e shown. The enhanced ima ge of an 
individual colony shows uneven distribution of blue and white color within a single colony. (D) Schematic of an efficiency of transformation assay, 
while E. coli cells expressing Type IV-A1 crRNPs are transformed with either a target (T) or nontarget plasmid (NT). CFU are counted and calculated 
efficiency of transformation indicates the efficiency of Type IV-A1 crRNPs. Efficient targeting results in a reduced amount of CFU/ml (interference), 
while inefficient or no targeting results in a high number of CFUs (no interference). (E) Re presentati ve LB agar plates with CFUs after an EoT assay, 
while a 10 –4 the nontargeting and a 10 –1 dilution of the targeting control are shown. 
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argeting in the previous study (Guo et al. 2022 ). T herefore , we fur-
her analyzed the activity of crRNPs targeting a plasmid, aiming to
ncover whether plasmid targeting results in similar variability of
olon y gr owth. 

We performed EoT assays using either a target (T) or a nontar-
et (NT) plasmid, that carry a matc hing pr otospacer with a PAM
5 ′ -AAG-3 ′ ) or a random spacer sequence, r espectiv el y (Fig. 2 D).
he introduction of a target plasmid led to a significant decreased
fficiency of transformation (EoT) in comparison to the use of a
ontarget plasmid ( Fig. S2 ), comparable to previous studies (Crow-

ey et al. 2019 , Guo et al. 2022 ). Notably, we observed heterogene-
ty of colony sizes when crRNPs effectiv el y tar geted the plasmid,
hile colony sizes appeared homogenous when a nontarget plas-
id was introduced (Fig. 2 E). Howe v er, we wer e not able to deter-
ine at what sta ge heter ogeneous colonies emerged using only

nd-point images . T hus , we monitored the bacterial growth over
ime using SMARTIS, which allows for a more detailed analysis of
olon y gr owth dynamics. 
l  
eterogeneity of colonies occurs early in growth 

o ensure stable colony growth at a specific temper atur e, we
rst examined the temper atur e within the custom-built box over
ime. SMAR TIS w as set to 37 ◦C, and temper atur e measur ements
er e r ecorded ov er a 24-h period. No significant temper atur e
uctuations were detected during our observation, with an av-
r a ge temper atur e of 36.96 ◦C and a preheating time of ∼20 min
 Fig. S2 ). T hus , the system would enable bacterial growth within
 closed environment at a constant temper atur e . We , ther efor e
r ac ked colon y gr owth after performing an EoT assay with the
wo-plasmid a ppr oac h in E. coli BL21-AI cells. Up to four plates
f different dilutions were simultaneously incubated at 37 ◦C and
bserved using SMARTIS, while the smartphone was set to cap-
ure an image every 10 min within 46 h. SMAR TIS allo w ed for
igh-r esolution ima ges of the plates, ensuring clear visualiza-
ion of colony growth and morphology. We did not encounter any
echnical issues throughout the time-lapse imaging process, al-
owing for consistent data collection. Over the 46-h period, we

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
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(C) (D)

(A)

(B)

F igure 3. SMAR TIS r e v eals gr owth dynamics of cells after an EoT assay. (A) Colon y gr owth on r espectiv e plates of differ ent contr ols after an EoT assay 
that was performed according to Fig. 1 (D). Plates of a 10 –3 dilution of a NT control and a 10 –1 dilution of a targeting control (T) grew at 37 ◦C and were 
observed for 46 h using SMARTIS. Different dilutions were used to enable further analysis, using plates with 25–300 colonies. Images were captured 
e v ery 10 min. (B–D) Analyses of end-point and time-lapse images of the respective plates shown in (A) using ColTapp (Bär et al. 2020 ). (B) Distribution of 
colony sizes (radius) after 46 h of growth. Mean radius of controls are indicated as dashed lines. Mean radius significantly differs among the different 
contr ols (unpair ed t -test, P -v alue < .0001). (C) Box plot of a ppear ance times of colonies of the differ ent contr ols (T and NT). The center line of the box 
plot r epr esents the mean a ppear ance time, with the left and right borders of the box marking the minim um and maxim um, r espectiv el y. The number 
of colonies used for calculations differs among the differ ent contr ols with n = 76 for NT and n = 222 for T, while a ppear ance time does not significantly 
differ (unpaired t -test, P -value = .0880). (D) Mean colony growth over time of the different controls. Dashed lines indicate mean appearance times. 
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successfull y ca ptur ed 277 ima ges, pr oviding a time-lapse se- 
quence of colon y de v elopment (Fig. 3 A, Video 1 ). The images al- 
r eady r e v ealed that colonies in the T and the NT contr ol a p- 
peared at similar time points, indicating that the initiation of 
colony formation was not significantly influenced by experimen- 
tal conditions. Ho w e v er, colonies in T r esulted in heter ogeneity of 
colony sizes, suggesting that individual colonies grew with vary- 
ing gr owth r ates, likel y because of the expressed crRNPs targeting 
the plasmid. To quantify colony sizes and growth dynamics, we 
used the r ecentl y de v eloped softwar e ColTa pp (Bär et al. 2020 ) for 
time-la pse ima ge anal ysis, ensuring accur ate data pr ocessing and 

facilitating the identification of growth patterns that are not im- 
mediatel y a ppar ent thr ough visual inspections of the ima ges. We 
first determined the size of individual colonies using the end-point 
images after 46 h of gro wth. Here, w e observed a clear distribution 

of colony sizes among the different controls, while colonies of the 
NT contr ol gener all y a ppear ed lar ger compar ed to the tar geting 
control (Fig. 3 B). Notably, the maximum colony size observed in 

the tar geting contr ol was v ery similar to the av er a ge colon y size 
in the NT control, indicating generally better growth when there is 
no targeting. This finding already suggests significant differences 
in growth dynamics between the two conditions, underscoring the 
influence of targeting activity or plasmid properties on bacterial 
colon y de v elopment ( Table S3 ). We anal yzed the ima ge sequences 
to examine the a ppear ance times of individual colonies and to 
e v aluate the gr owth acr oss the differ ent contr ols. Her e, the a p- 
pearance time refers to the first time point a colony is macroscop- 
ically visible and can be detected by the used analysis software 
ColTapp (Bär et al. 2020 ). 
Mean a ppear ance times of colonies only sho w ed minor differ-
nces among the controls, while the first colonies a ppear ed after
15 h (Fig. 3 C and D , T able S3 ). Here, we did not observe significant
ariations between the different targeting controls. Ho w ever, the
ast occurring colonies emerged at slightly different times: When 

ontar geting, the final colon y a ppear ed after 34 h, wher eas the
ast colony of the targeting control started showing after 39 h
f growth (Sanchez-Londono et al. 2024 ). Colonies of the target-
ng control exhibited an average colony extension of ∼35 μm/h,
hile colonies with a nontarget plasmid gr e w at a rate of about
8 μm/h, whic h is nearl y double the colon y extension of the tar-
eting control ( Table S3 ). We assumed that the differing colony ex-
ensions are influenced by crRNP activity or varying numbers of
ar get or nontar get plasmids. Ho w e v er, to exclude a correlation of
he observ ed heter ogeneity with the used expr ession system, we
esigned and examined different plasmids expressing Type IV-A1 
rRNPs. 

mpact of different crRNP expression plasmids 

n colony heterogeneity 

he cas genes were cloned with a CRISPR array containing a syn-
hetic spacer designed with target sites for the type IIS restriction
nzyme BseRI, following a recent protocol (Rust and Randau 2024 ).
he a ppr oac h enhances the ada ptability of spacer sequences, al-

owing for the flexible design of synthetic spacers . T hus , plas-
id deri vati ves of different plasmids were constructed to carry

pacer sequences for either EoT or lacZ targeting assays ( Fig. S3 ).
he used plasmids differ in copy numbers and resistance mark- 
rs, while we used plasmids of the Duet™ expression system (No-

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
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(A) (B)

(D)(C)

Figure 4. Influence of different expression systems on colony heterogeneity. (A) Results of EoT assays using different expression plasmids (pCDF, pET, 
or pRSF). A target plasmid with a matching protospacer was used as a targeting control (T) in combination of each plasmid, while a nontarget plasmid, 
carrying a random protospacers, refers to the NT control. EoT is calculated using the ratio of targeting and NT control of each plasmid. (B) End-point 
images of re presentati ve plates with colonies after EoT assays with pET, pCDF, or pRSF. Plates of different dilutions ranging from 10 0 to 10 –3 are shown 
and indicated in the figure, while plates with 25–300 CFUs were used for calculations in A. (C) Results of lacZ -targeting assays using pCDF, pET, or pRSF. 
Blue–white screening of the cells resulted in different percentages of blue colonies depending on the used expression plasmid, while the NT control 
sho w ed only blue colonies in case of all plasmids used. (D) End-point images of re presentati ve colonies of blue–white screening after lacZ -targeting 
assays with pET, pCDF, or pRSF. Plasmids expressing either a targeting crRNP (T) or a NT crRNP were used. Heterogeneity of colony sizes is visible for 
pCDF, while homogenous colony sizes appeared in case of pET or pRSF. Plates of different dilutions ranging from 10 –2 to 10 –5 are shown and indicated 
in the figure, while plates with 25–300 CFUs were used for calculations in C. EoT and lacZ -targeting assays were performed as described in Fig. 1 . Data 
ar e pr esented as mean v alues + SD. P -v alues wer e calculated using an unpair ed t -test. (A and C: ∗∗∗∗ P < .0001; C: ∗ P = .0379). 
Video 1. Growth of different controls after an EoT assay. Time-lapse video of colony growth on respective plates of different controls after an EoT assay, 
performed according to Fig. 1 (D). Plates of a 10 −3 dilution of the NT control and a 10 −1 dilution of the targeting control (T) were incubated at 37 ◦C and 
monitored for 46 h using SMARTIS. The camera of the smartphone was set to ca ptur e an ima ge e v ery 10 min, r esulting in a total of 277 ima ges. Ima ges 
were used to generate a video sequence, while each image is shown for 0.05 s. 
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 a gen), suitable for expression of potentially toxic protein com-
lexes (see Table S1 ). The theoretical copy numbers of the plas-
ids pCDFDuet-1, pETDuet-1, and pRSFDuet-1 are 20, 40, and 100,

 espectiv el y (Yang et al. 2019 ). Notabl y, tr ansformation of empty
lasmid backbones did not generate heterogeneity of colonies,
uggesting that plasmid features alone do not induce variability
n colon y gr owth and ar e not the cause for heter ogenous colon y
izes or colors. 

Following the transformation of E. coli BL21-AI cells with the
dapted plasmids and performing EoT and lacZ targeting assa ys ,
nd-point images of the resulting plates were analyzed. All plas-
id deri vati ves resulted in efficient plasmid targeting as shown

y a reduced EoT (Fig. 4 A). Howe v er, we observ ed differ ences in
olony sizes between the plasmid v ariants, whic h we also no-
iced in the negative controls of pCDF or pRSF (Fig. 4 B). This ob-
erv ation contr adicts our initial hypothesis that heter ogeneity in
olony sizes is primarily driven by the activity of targeting crRNPs,
hich we assumed would cause variability in colony extensions
ue to plasmid loss and, thus, une v en inheritance of plasmids.
e further examined the different plasmids in genome targeting
ssa ys . Targeting of lacZ yielded different numbers of white and
lue colonies depending on the plasmid used. While pRSF led to
he highest efficiency with almost 100% white colonies among the
ssa ys , pET resulted in a significant decreased efficiency (Fig. 4 C).
he use of pCDF resulted, besides blue and white colonies, in
ighl y heter ogenous colon y sizes, whic h wer e also visible in the
T contr ol. The heter ogeneous gr owth of colonies expr essing Type

V-A1 crRNPs with pCDF may lead to misinter pr etation of r esults.
hile we used OpenCFU (Geissmann 2013 ) for colony counting

nd analysis following lacZ targeting assays the software was un-
ble to accur atel y count v ery small colonies . T her efor e, the r esults
f this specific construct should be treated with caution. Ho w e v er,
tr ong v ariations in colon y sizes wer e not observ ed when using
ET or pRSF, while targeting using the pET plasmid again resulted

n mixed blue–white colonies (Fig. 4 D). Notably, numbers of CFUs
er e decr eased when using the plasmid pCDF for lacZ targeting,
hich was not the case when using it for plasmid-targeting. How-
 v er, the r esults of the EoT assay with pCDF show no significant
ifference in CFU numbers between nontargeting and targeting,
ossibly due to heterogeneous growth (Fig. 4 B, Fig. S4 ). T hus , the

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf006#supplementary-data
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intermediate copy number plasmid pET and high copy number 
plasmid pRSF appear to be more suitable for expressing crRNPs 
in the context of genome targeting, with the copy number of the 
r espectiv e plasmid likely being a key factor influencing their effi- 
ciencies . Here , pET ma y pro vide moderate levels of crRNP expres- 
sion while minimizing metabolic burden and, thus, causing an 

increasing number of colonies able to evade CRISPR-Cas activity.
In contr ast, pRSF typicall y exceeds 100 copies per cell, which can 

drive higher crRNP expression but may impose greater metabolic 
stress on the host cells. We also observed a potential impact on 

cell viability when examining the total number of CFU for the dif- 
fer ent constructs. Specificall y, numbers of CFUs of cells using the 
pRSF expression plasmid were slightly lo w er compared to those 
expressing crRNPs on the pET plasmid. This reduction may re- 
flect the increased metabolic burden associated with the higher 
copy number of pRSF, which could affect overall cell growth and 

viability. The differences suggest a potential correlation between 

the copy number of an expression plasmid and genome target- 
ing efficiency, where higher plasmid copy numbers may enhance 
targeting efficiency but also increase cellular resource demands. 

Ov er all, our findings underscore the importance of careful con- 
sideration when selecting expression systems for CRISPRi-based 

a pplications, as differ ences in gr owth dynamics may influence the 
inter pr etation of results. 

Conclusion 

In our study, we demonstrate ho w SMAR TIS enables high- 
r esolution, time-la pse ima ging of bacterial colonies , pro viding a 
po w erful and cost-effective tool to identify and tr ac k heter oge- 
neous growth phenotypes. By applying this method, we observed 

that variability in colony expansion is influenced by multiple fac- 
tors, including plasmid expression systems, antibiotic selection, 
and Type IV-A1 CRISPR-mediated interfer ence. Her e, the forma- 
tion of crRNPs and their subsequent scanning activity for a com- 
plementary target DNA may impose a significant metabolic bur- 
den on bacterial cells, influencing their viability. The continuous 
engagement with DNA during this search process, even in the ab- 
sence of a target, could interfere with essential cellular processes,
such as replication or transcription, thereby reducing cell fitness 
or viability. In the context of plasmid targeting, this activity can 

lead to undesirable inhibition of plasmid r eplication, r esulting in 

the une v en distribution of plasmids among daughter cells. Conse- 
quently, subpopulations within a colony may carry varying num- 
bers of plasmids, leading to differences in cellular fitness and con- 
tributing to heterogeneity (Hülter et al. 2020 ). 

We used different expression plasmids that varied in antibi- 
otic resistance and origins of replication, leading to differences in 

plasmid copy number and replication mechanisms. We cannot ex- 
clude that these variations may further influence the efficiency of 
crRNP-mediated interference, while the selective pressure of dif- 
ferent antibiotics may significantly affect bacterial growth. Even 

in strains that are resistant, the metabolic burden associated with 

maintaining r esistance mec hanisms can inhibit gr o wth (Cho wd- 
hury and Findlay 2023 ). This effect can be intensified when mul- 
tiple antibiotics are used simultaneously, as seen in experiments 
in volving EoT assa ys , wher e cells ar e exposed to two or thr ee an- 
tibiotics for selection. The cum ulativ e str ess fr om maintaining r e- 
sistance to different drugs and expression of Type IV-A1 crRNPs 
can lead to une v en r esource allocation within the bacterial popu- 
lation, cr eating v ariations in colony extensions and fitness among 
individual cells . T he unique mechanism of Type IV-A1 crRNPs ma y 
further contribute to heterogeneous colony growth. In contrast to 
Cas9, which exerts a localized interference effect, the Type IV-A1
ystem can downregulate an extended region up- or downstream 

f the target site (Qi et al. 2013 , Sanchez-Londono et al. 2024 ). Con-
equentl y, when tar geting genomic DNA, Type IV-A1 crRNPs can
nfluence adjacent genes , which ma y explain the observed differ-
nces in interference efficiencies between plasmid- and genome 
argeting for different expression systems. 

Ov er all, our study emphasizes the importance of understand-
ng how plasmid properties and antibiotic selection pressures 
ontribute to heterogeneity in bacterial colonies, while highlight- 
ng the potential of SMARTIS as a powerful tool to unr av el the
omplexities of bacterial growth. By establishing SMAR TIS, w e
r ovide a user-friendl y, cost-effectiv e method for high-r esolution,
ime-la pse ima ging of bacterial colonies, suitable for a v ariety of
 esearc h questions that benefit from automated assessment of
olony phenotypes over time. 
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