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The impact of bacterial cell aggregation on UV inactivation kinetics 

Eirini Vitzilaiou a,*, Asaph M. Kuria a, Henrik Siegumfeldt a, Morten A. Rasmussen a,b, 
Susanne Knøchel a 

a Microbiology and Fermentation, Department of Food Science, Faculty of Science, University of Copenhagen, Rolighedsvej 26, DK-1958, Frederiksberg C, Denmark 
b COPSAC, Copenhagen Prospective Studies on Asthma in Childhood, Herlev and Gentofte Hospital, University of Copenhagen, Copenhagen, Denmark   
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A B S T R A C T   

Reconditioning of food processing water streams for reuse is an increasingly common water management 
practice in the food industry and UV disinfection is often employed as part of the water treatment. Several factors 
may impact the effect of UV radiation. Here, we aim to assess the impact of cell aggregation on UV inactivation 
kinetics and investigate if UV exposure induces aggregation. Three strains, isolated from food processing water 
reuse lines (Raoultella ornithinolytica, Pseudomonas brenneri, Rothia mucilaginosa) and both an aggregating and a 
non-aggregating strain of Staphylococcus aureus were exposed to UVC light at 255 nm using UV LED equipment. 
Total Viable Count and phase-contrast microscopy, coupled with image analysis, were used to compare the UV 
inactivation kinetics with the average particle size for a range of UV doses. Tailing effect, seen as a strong 
reduction in inactivation rate, was observed for all strains at higher UV doses (industrial strains ≥ 50 or 120 mJ/ 
cm2, S. aureus strains  ≥ 40 or 60 mJ/cm2). The naturally aggregating strains were more UV tolerant, both within 
and between species. When aggregates of S. aureus were broken, UV tolerance decreased. For the processing 
water isolates, the lowest applied UV dose (25 mJ/cm2) significantly increased the average particle size. 
Application of higher UV doses obtained with longer exposure times did not further increase the particle size 
compared with untreated samples. For the S. aureus strains, however, no consistent change in average particle 
size was observed due to UV. Our results demonstrate that aggregating strains have a higher degree of protection 
and that UV radiation induces aggregation in some, but not all bacteria. A better understanding of the mecha-
nisms governing microbial aggregation and survival during UV treatment could help to improve UV applications 
and predictions of microbial inactivation.   

1. Introduction 

The food processing industry needs large amounts of water daily for 
cleaning, transport, and food processing purposes from the raw mate-
rials to the final products and use of potable water quality has commonly 
been required. However, due to both cost and sustainability issues, many 
food industries are trying to reduce their water footprint and looking at 
ways to do so. One way is to reuse food processing water after appro-
priate treatment (Casani and Knøchel, 2002) and recently, the Food and 
Agriculture Organization (FAO) together with the World Health Orga-
nization (WHO) published a report in which the concept of “fit-for--
purpose water” for reuse in the food industry was presented using a 
risk-based approach (FAO and WHO, 2019). While the technology for 
efficient food processing water reuse is continuously advancing, the 
main challenge is to ensure the quality and safety of the reconditioned 

water and the final products (Casani et al., 2005; Casani and Knøchel, 
2002; ILSI, 2013). Ultraviolet (UV) light disinfection is among the 
treatment technologies that can successfully help to obtain a 
fit-for-purpose water quality. 

UV is generally considered a robust water treatment technology with 
a wide antimicrobial spectrum, also being effective against e.g. chlorine 
resistant protozoa (Cryptosporidium sp.) (Hijnen et al., 2006; WHO, 
2017). UV treatment of process water is also attractive to the food in-
dustry, since at the doses and wavelengths regularly used, UV does not 
lead to formation of problematic disinfection by-products (DBP) 
(Koutchma et al., 2019; Reckhow et al., 2010; Sommer et al., 2005; 
Pirnie et al., 2006; WHO, 2017). At high doses and low wavelengths, 
however, UV may lead to conversion of e.g. nitrate to nitrite (Pirnie 
et al., 2006). 

UV mercury lamps and especially low-pressure mercury lamps 
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(LPML) are the main UV source used for industrial scale disinfection due 
to their high wall plug efficiency (the ratio of optical power output to 
electrical power input), reaching approx. 40%, and their mono-
chromatic emission at 254 nm, close to the DNA absorption peak 
(approx. 260 nm) (Koutchma et al., 2019). However, mercury lamps are 
fragile, bulky, surrounded by glass and contain toxic mercury. The UV 
light emitting diode (LED) technology is now rapidly emerging as an 
environmentally friendlier and easier to use alternative, expected to 
replace mercury lamps in the future. UV LEDs emit radiation at a narrow 
wavelength bandwidth, which can be tailor made, do not contain toxic 
mercury and are light, compact and less fragile, they offer flexibility in 
reactor design and the possibility of combining multiple wavelengths 
(Koutchma et al., 2019; Oguma et al., 2016; Würtele et al., 2011). UV 
LED chips’ manufacturing, nevertheless, still presents a challenge for 
short UVC wavelengths, having a much lower wall plug efficiency 
(0.2–5%), compared to LPML (Beck et al., 2017; Koutchma et al., 2019; 
Li et al., 2019), but it is expected that the efficiency of UV LEDs will be 
increasing and the price decreasing (Koutchma et al., 2019). 

UV radiation has been applied extensively over the last decades for 
drinking water and wastewater microbial disinfection, either individu-
ally or in combination with other treatments such as membrane filtra-
tion. However, there is still limited information on the use of UV 
technology for disinfection of different types of food processing water 
streams (Chatzisymeon, 2016; Diaz et al., 2001; Ignat et al., 2015; 
Mavrov and Bélières, 2000; Selma et al., 2008). If the technology is used 
as a critical reconditioning step, it is important to ensure the safety and 
the efficiency of the method as well as to be able to reliably predict 
inactivation of relevant microbiological hazards or nuisance organisms. 

Traditionally, microbiological inactivation has often been described 
using log-linear kinetics. Several studies have, however, observed a 
tailing effect, defined as a phenomenon where the initial inactivation 
rate decreases with increasing UV doses, during UV inactivation of mi-
croorganisms in aqueous suspensions, using different wavelengths, UV 
sources, flow-through or static set-ups (Beck et al., 2017; Blatchley et al., 
2001; Li et al., 2017; Mamane-Gravetz and Linden, 2005; Mattle and 
Kohn, 2012; Nyangaresi et al., 2018; Oguma et al., 2013; Shoults and 
Ashbolt, 2019) (Table 1). There are numerous hypotheses on the causes 
behind the tailing effect. Among these are the existence of resistant 
sub-populations, the ability to repair and be reactivated, growth phase 

dependent tolerance, experimental bias, or shielding due to equipment 
design or presence of particles, all of which may furthermore be affected 
by species and strains characteristics. A probable explanation which has 
also been suggested several times is microbial aggregation (Blatchley 
et al., 2001; Hijnen et al., 2006; Mamane-Gravetz and Linden, 2005; 
Mattle and Kohn, 2012; Nyangaresi et al., 2018; Shoults and Ashbolt, 
2019). 

Microbial aggregates have a three-dimensional structure such as seen 
in biofilms but are conglomerates of cells floating as planktonic cells. 
Like in biofilms, cells in large aggregates exhibit high antibiotic resis-
tance and tolerance towards chemical (disinfectants such as peracetic 
acid) and physical stresses (Alhede et al., 2011; Blatchley et al., 2001; 
Haaber et al., 2012; Mamane-Gravetz and Linden, 2005; Mattle et al., 
2011). Planktonic aggregates may reach high cell numbers due to their 
three-dimensional growth providing better access to growth resources 
(Kragh et al., 2016). The ability to form planktonic aggregates has been 
demonstrated in several bacteria including pathogenic bacteria such as 
Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus 
(S. aureus) (Alhede et al., 2011; Haaber et al., 2012; Kragh et al., 2016). 
Since UV disinfection has no residual action after treatment, it would be 
a concern if surviving microorganisms within aggregates would start 
growth and biofilm formation during storage of the reconditioned water 
and thus jeopardize the safety and quality of the food production. 

The hypothesis behind UV-induced microbial aggregation suggests 
that UV radiation can change the cell surface characteristics, thereby 
decreasing the repulsion between the cells and making them attach more 
readily to each other. In the center of these aggregates, cells may be 
shielded by an outer shell of impaired cells and protected from further 
UV radiation (Blatchley et al., 2001; Lee et al., 2018) (Fig. 1). However, 
research on UV-induced microbial aggregation is limited to a few studies 
which, by employing primarily Escherichia coli (E. coli) and different 
methods such as epifluorescence microscopy observations (Blatchley 
et al., 2001), particle counter analysis (Kollu and Örmeci, 2015) and 
study of the changes in the electrostatic cell surface charge (Lee et al., 
2018), indicate that UV-induced bacterial aggregation takes place. The 
latter study by Lee et al. (2018) included also a S. aureus and a 
P. aeruginosa strain. 

In this study, our objective is to assess the impact of microbial ag-
gregation on the UV inactivation kinetics and evaluate whether 

Table 1 
Studies observing tailing of microbial inactivation during UV treatment of aqueous suspensions.  

Studies Microorganism Initial cell number (PFU or CFU/mL) UV source Set-up and wavelength (nm)a 

Blatchley et al. (2001) E.coli 
CIP 55300 
ATCC 11229 

NAc LPMLd static 253.7 

Mamane-Gravetz and Linden (2005) B. subtilis spores 3 × 105 to 3 × 107 LPMLd static 253.7 
Mattle and Kohn (2012) MS2 bacteriophage 5 × 1010 and 5 × 108 LPMLd static 253.7 
Oguma et al. (2013) E.coli K12 

IFO 3301 
106 UV LEDs flow-through 265, 280, 310 and simultaneous application  

of 265/280, 280/310, 265/310, 265/285/310 
Beck et al. (2017) E.coli K12 

ATCC 29425 
106 UV LEDs static 260, 280 and simultaneous application of 260/280 

LPMLd static 253.7 
MPMLe static 200-400 

Li et al. (2017) E.coli 
CGMCC 1.3373 

107 UV LEDs static 265, 280 and simultaneous application of 265/280 
LPMLd static 253.7 

Nyangaresi et al. (2018) E.coli 
CGMCC 1.3373 

106 UV LEDs static 267, 275, 310 and simultaneous application  
of 267/275, 267/310, 275/310 

Shoults and Ashbolt (2019) S. aureus 
(wild strain) 

NAc UV LEDs static 256 

Kollu and Örmeci (2015)b E.coli 
ATCC 23631 

109 LPMLd static 253.7 
MPMLe static 200-400 

Lee et al. (2018)b E.coli 106 UV LEDs static 275 
flow-through reservoir system 275 
flow-through coiled pathway pipe 275 

S. aureus 
P. aeruginosa  

a Most of the following studies followed the experimental protocol of Bolton and Linden (2003) for the UV exposure set-up. 
b Studies investigating microbial aggregation. 
c Not Available. 
d Low-Pressure Mercury Lamp. 
e Medium-Pressure Mercury Lamp. 
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microbial aggregation is UV-induced in naturally aggregating and non- 
aggregating bacteria isolated from food industry process water as well 
as in S. aureus isolates with different aggregation characteristics. Phase- 
contrast microscopy with image analysis is employed to determine the 
average particle size before and after UV treatment, for a range of UV 
doses and bacterial strains, combined with determination of the Total 
Viable Count (TVC). 

2. Materials and methods 

2.1. Bacterial strains 

A total of five strains were used (Table 2): Three strains from food 
industries were chosen based on their occurrence in membrane filtered 
process water, potentially destined for different reuse options. The first 
strain was identified by 16S rRNA sequencing as Raoultella ornithinoly-
tica (R. ornithinolytica) and it was isolated from multi-genera biofilms on 
the permeate side of Reverse Osmosis (RO) membranes in a whey water 
processing line (Stoica et al., 2018; Vitzilaiou et al., 2019). Two more 
strains were isolated from slaughterhouse side-streams treated by mul-
tiple filtration steps and UV light (LPML, 250 mJ/cm2) in a pilot line for 
processing water for reuse. The first strain was identified as Pseudomonas 
brenneri (P. brenneri) and the second as Rothia mucilaginosa 
(R. mucilaginosa), using the ON-rep-seq sequencing (Krych et al., 2018). 
The latter represents an example of a strongly self-aggregating bacteria. 
To compare UV inactivation kinetics within the same species, two 

culture-collection strains belonging to S. aureus were also included in the 
study. One strain was naturally aggregating when reaching late expo-
nential phase (S. aureus 8325-4, wild type strain NCTC 8325, cured of 
phages φ11, φ12 and φ13) (Haaber et al., 2012; Novick, 1967), while the 
other was non-aggregating (S. aureus Newman, clinical isolate ATCC 
25904) (Duthie and Lorenz, 1952; Haaber et al., 2012). According to 
Haaber et al. (2012), the difference in the aggregation level between 
these two strains derives from the icaADBC operon (present in S. aureus 
8325-4), the expression of which is induced in the exponential growth 
phase and leads to the production of Polysaccharide Intercellular 
Adhesin (PIA). PIA has been found to be a major contributor to the 
formation of planktonic aggregates in S. aureus and this operon has been 
found in most clinical isolates of S. aureus. 

2.2. Inoculum preparation 

A loopful from frozen culture stocks (-80 ◦C) was streaked on Tryp-
tone Soy Agar (TSA) (Tryptone Soy Broth (TSB) (CM0129, OXOID), 
supplemented with 1.5% Bacteriological Grade Agar Powder (GRM026, 
HIMEDIA)). Inoculated agar plates were incubated at optimum condi-
tions (Table 2). Colony material was then inoculated in 20 mL TSB tubes 
and incubated overnight with shaking at 225 rpm. One hundred μL from 
the overnight cultures were inoculated in 100 mL TSB, incubated 
overnight with shaking at 225 rpm and centrifuged (4000 g/5 min) 
(Eppendorf Centrifuge 5920R). For the processing water strains, the 
supernatant TSB was discarded, and the pellet resuspended in Saline 
Peptone Solution (SPS: 1 g/L peptone, 8.5 g/L sodium chloride, pH 7.2 
± 0.2) by vortexing. The same centrifugation-resuspension procedure 
was repeated twice with the final resuspension in SPS solution. 

For the S. aureus strains, pre-trials showed that the aggregates were 
breaking up very easily, so a slightly gentler procedure was employed in 
which centrifugation was conducted only once (1000 g/5 min) before 
resuspension in SPS solution, and the pellet was resuspended by using a 
sterile loop instead of vortexing. The same procedure was adopted for 
both S. aureus strains. Broken aggregates of the otherwise aggregating 
S. aureus 8325-4 strain were used for comparative purposes by applying 
centrifugation (4000 g/5 min) three times with subsequent resuspension 
in SPS by vortexing. 

After the final resuspension, the OD at 600 nm was adjusted and 
reached an OD corresponding to approx. 107-8 CFU/mL for the industrial 
strains and 108-9 CFU/mL for the S. aureus strains. The latter was chosen 
to achieve a high degree of aggregation in the suspension of the aggre-
gating strain. Ten-fold serial dilutions of the inoculum in SPS and spread 

Fig. 1. The hypothesis of UV-induced microbial aggregation leading to the 
tailing effect in UV inactivation kinetics. 

Table 2 
Strains used in this study.  

Strains Gram stain Morphology Source Growth conditions 

Rothia mucilaginosa þ Aggregating cocci Slaughterhouse side-stream after membrane filtration and UV treatment  
(LPMLa, 254 nm, 250 mJ/cm2) for reuse. Population level: 1 cell/mL.  
Identified by ON-rep-seq (Krych et al., 2018). 

TSAb: 37 ◦C/48 h 
TSBc: 37 ◦C/ 
overnight/225 rpm 

Pseudomonas brenneri - Non-aggregating rods Same source and identification method as R. mucilaginosa. Population  
level: 10 cells/mL. 

TSAb: 25 ◦C/48 h 
TSBc: 25 ◦C/ 
overnight/225 rpm  

Raoultella ornithinolytica - Non-aggregating rods Mutli-genera biofilms on the permeate side of RO membranes in a whey water  
processing line for reuse. Population level: 4.51 ± 0.60 log10 (CFU/cm2).  
Identified by 16S rRNA sequencing (Stoica et al., 2018; Vitzilaiou et al., 2019). 

TSAb: 37 ◦C/24 h 
TSBc: 37 ◦C/ 
overnight/225 rpm  

Staphylococcus aureus 8325-4 þ Aggregating cocci Wild type strain NCTC 8325, cured of phages φ11, φ12 and φ13  
(Haaber et al., 2012; Novick, 1967) 

TSAb: 37 ◦C/24 h 
TSBc: 37 ◦C/ 
overnight/225 rpm  

Staphylococcus aureus Newman þ Non-aggregating cocci Clinical isolate ATCC 25904 (Duthie and Lorenz, 1952; Haaber et al., 2012) TSAb: 37 ◦C/24 h 
TSBc: 37 ◦C/ 
overnight/225 rpm  

a Low Pressure Mercury Lamp. 
b Tryptone Soy Agar. 
c Tryptone Soy Broth. 

E. Vitzilaiou et al.                                                                                                                                                                                                                               



Water Research 204 (2021) 117593

4

plating on TSA agar were conducted to verify the inoculum level at the 
beginning of the experimental procedure. Phase-contrast microscope 
(OLYMPUS BX40) photos with a 10x objective and an Imaging Source 
DMK21F04 CCD-camera were also taken to verify the presence/absence 
of the aggregates at the starting point. The inoculum was kept in the 
refrigerator at 4 ◦C during the UV experimental procedure to prevent 
further growth. 

2.3. UVC radiation exposure 

The bacterial inocula were exposed to UVC radiation at 255 nm using 
the PearlLab BeamTM, supplied by Aquisense Technologies (Erlganger, 
KY, USA), a compact UV LED Collimated Beam Device. The full width at 
half maximum bandwidth (FWHM) of the UV LEDs was approx. 11 nm 
with a peak at 255.8 nm (Fig. 2). The experimental protocol was 
structured with the technical support of the UV LED manufacturer. To 
calculate the necessary correction factors for the average germicidal 
fluence rate (E′

avg, mW/cm2) the protocols of Bolton and Linden (2003) 
for broadband UV lamps and Kheyrandish et al. (2018) for UV LEDs, 
were used, taking into account the polychromatic nature of the UV LEDs. 

The Incident Irradiance (E′

0) was measured with an ILT2400 radi-
ometer and a SED005 sensor provided by International Light Technol-
ogies (Peabody, MA, USA) and varied between 0.052-0.056 mW/cm2. 
The Petri Factor (PF) was calculated by scanning with an ILT-2400 
radiometer and SED005 sensor the polar coordinates around the cen-
ter point where the petri dish is placed, recording the irradiance every 5 
mm and dividing it with the center point irradiance to calculate the 
average of these ratios (PF = 0.922). The Water Factor (WF) was 
calculated by measuring the depth of the microbial suspension in the 
Petri dish (l = 10 mm) and the absorbance of the microbial suspension 
(a) at 255 nm, using Quartz Suprasil® cuvettes (100-QS, Hellma® An-
alytics) and the UV-Vis 1800 Shimadzu Spectrophotometer (WFprocessing 

water strains = 0.949, WFS. aureus strains = 0.332). To account for the dif-
ference in irradiance around the narrow bandwidth wavelength emis-
sion of the UV LEDs, the Sensor Factor (SF) was also included in the 
equation (Bolton and Linden, 2003). The SF is the ratio of the radiant 
power at the peak wavelength of UV LED to its total radiant power. The 
SF was calculated by the UV LED manufacturer at 4.471, using the same 
UV LED equipment, ILT2400 radiometer and SED005 sensor. The 
Reflection Factor (RF) and the Divergence Factor (DF) were calculated at 
0.978 and 0.947, respectively. 

The following equation was used to calculate the average germicidal 
fluence rate (E′

avg, mW/cm2): E′

avg = E′

0 × PF × WF × SF × RF × DF. 
Finally, to obtain the UV fluence or UV dose (mJ/cm2) delivered on the 
surface of the microbial suspension by the UV LEDs, the (E′

avg (mW/cm2) 
was multiplied with the exposure time (s). 

For each strain, three individual UV exposures were conducted on 

separate days. The inocula were prepared the day of UV exposure from 
overnight cultures. For each dose, 20 mL of the inoculum were poured 
into a petri dish (52 mm) and a sterile magnetic stir bar (4.5 × 12 mm) 
was added. The petri dish was then placed on a magnetic stirrer and the 
speed was set at 200 rpm. The PearlLab Beam stand was placed on top of 
the petri dish (85 mm distance between UV LED and solution surface) 
and the shutter and UV button were turned on and a timer was used to 
track the time for the desired dose. An identical set-up with shutter and 
UV button turned-off was used for the corresponding control sample 
(Fig. 3). The control and the UV-treated samples for each UV dose were 
treated and analyzed in parallel. Exposure times were randomized for 
each trial and strain. The temperature of the UV-irradiated and control 
samples was measured before and after the end of each exposure and 
remained stable between 20-22 ◦C. After finishing the UV exposure, the 
petri dishes were covered with aluminum foil to avoid photo- 
reactivation. 

2.4. Total Viable Count 

To determine the TVC, ten-fold serial dilutions in SPS were con-
ducted for the UV-irradiated and control samples, respectively, right 
after each UV exposure in technical duplicates. Then, spread plating of 
the three selected duplicate serial dilutions followed on TSA media (100 
μL/TSA agar plate, Limit of Detection (LOD) = 10 cells/mL). This pro-
cedure generated six technical replicates for each combination (control/ 
UV-irradiated sample, UV dose, trial and strain). When low counts were 
expected, the triple plating method was employed, by distributing 1 mL 
directly from the UV-irradiated sample on three TSA agar plates to give a 
final LOD = 1 cell/mL. The inoculated TSA agar plates were incubated at 
optimum temperature/time for each strain and TVC were counted in 
CFU/mL (Table 2). For the aggregating strains, pre-trials showed that 
extra attention was needed to obtain single non-merging colonies on the 
agar media for an accurate TVC determination. Therefore, vortexing 
during serial dilutions and spread plating was prolonged. 

2.5. Inactivation rate constant (k) calculation 

In order to assess the sensitivity of our strains to UV radiation and for 
reasons of comparison, the dose-based inactivation rate constant, k 
(cm2/mJ), was calculated for the initial rapid reduction. For this pur-
pose, the log10 reduction values were plotted against the UV doses in a 
scatter plot and the equation of the trendline for the linear part of the 
curve was generated, excluding the part where tailing was observed. The 
linear relationship between log inactivation and UV dose is described by 
the following equation (Hijnen et al., 2006; Song et al., 2016): 

Log(N0 /N) = k ∗ UV dose,

where N0 is the average TVC (CFU/mL) of the control sample, N is the 
average TVC (CFU/mL) of the UV-irradiated sample, k is the inactivation 
rate constant (cm2/mJ) and UV dose is the corresponding UV dose (mJ/ 
cm2). 

2.6. Phase-contrast microscopy and image analysis 

For each of the strains, samples for microscopy were prepared right 
after each UV exposure in each trial by placing 1.5 µL of the UV- 
irradiated sample and 1.5 µL of the control sample, respectively, each 
on a microscope slide. Cover slips were placed above and the photos 
were captured using the phase-contrast microscope OLYMPUS BX40 
with a 10x objective and an Imaging Source DMK21F04 CCD-camera. 
Four photos were captured using the software IC Capture 2.4 from 
four different positions spread out on the cover slips (up-left, up-right, 
down-right and down-left) in order to reduce the bias. This procedure 
was repeated twice for the same sample (control or UV-irradiated), 
leading to eight photos per sample, and when it was completed for the Fig. 2. Emission spectra of the UV LED 255 nm wavelength used in this study.  
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three trials in each strain, 24 photos had been generated for each UV 
dose to compare between control and UV-irradiated samples (n = 24 
replicates). The Image J software was used to analyze the captured 
photos and count the number and the area of the particles per photo 
using the following functions: the photos were transformed into binary, 
the threshold was adjusted to auto and the function analyze particles was 
used, applying a particle size threshold set at ≥ 2.42 μm2, to remove the 
noise, considering that as the area of a single cell, based on pre-trials. 
The area of each particle was chosen to be shown as outlines. 

2.7. Statistical analysis 

One-way Analysis of Variance (ANOVA) and Tukey’s Honest 

Significant Difference (HSD) post hoc test were conducted to assess the 
differences in microbial log10 reduction (CFU/mL) among the UV doses 
for each strain and the differences in UV tolerance among the strains (n 
= 6 replicates for each dose). For the analysis of particle size, the size of 
each individual particle was modelled in a mixed model with UV (yes/ 
no) and dose (food processing water strains: 25, 50, 120, 180, 240 mJ/ 
cm2, S. aureus strains: 10, 20, 40, 60, 80, 120, 240 mJ/cm2) as sys-
tematic factors and trial (day1, day2 or day3), and photo replicate (n =
24 replicate photos per sample) as random effects. Variance components 
were estimated by Satterthwaite’s approximation. This analysis was 
done in parallel for each bacterial strain. R studio software (Version 
4.0.2 (2020-06-22)), including ggplot2 (version 3.3.2), lme4 (version 
1.1-23), lmerTest (version 3.1-2), tidyverse (version 1.3.0) and broom 

Fig. 3. Experimental design. The UV doses presented in the figure are from the experimental set-up for the S. aureus strains.  

Fig. 4. UV inactivation kinetics of the food processing water and S. aureus strains.  
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(version 0.7.0) were used for data handling, plotting and analysis. 

3. Results 

3.1. Overall inactivation kinetic patterns 

R. mucilaginosa was the most UV tolerant strain among the five 
strains tested in this study with an inactivation rate constant k = 0.049 
cm2/mJ, while the non-aggregating S. aureus strain (k = 0.312 cm2/mJ) 
and P. brenneri (k = 0.259 cm2/mJ) were the least UV tolerant (Fig. 4, 
Table 3). S. aureus aggregating strain (k = 0.135 cm2/mJ) showed a 
similar inactivation trend to R. ornithinolytica (k = 0.110 cm2/mJ), but 
when the aggregates of S. aureus were broken, the UV tolerance 
decreased markedly (k = 0.277 cm2/mJ). The tailing phenomenon was 
observed for all the strains used in this study (Fig. 4). For P. brenneri the 
tailing started from the UV dose of 50 mJ/cm2, while for 
R. ornithinolytica and R. mucilaginosa, the tailing started later from the 
UV dose of 120 mJ/cm2. Similarly for the S. aureus strains, the tailing for 
the non-aggregating S. aureus and the S. aureus strain with broken ag-
gregates started from the UV dose of 40 mJ/cm2, while for the aggre-
gating S. aureus, the tailing started later from the UV dose of 60 mJ/cm2. 

3.2. Food processing water strains 

The differences in average particle size among the different strains 
isolated from food processing water can be observed in the phase- 
contrast microscope photos of control and UV-treated samples (Fig. 5). 
R. mucilaginosa had already formed large aggregates before UV treat-
ment with an average size of approx. 111 μm2, i.e. 19 and 28 times larger 
than that of R. ornithinolytica (approx. 6 μm2) and P. brenneri (approx. 4 
μm2), respectively (Supplementary data). 

Large variation was observed in the inactivation kinetics of the 
processing water strains with an average reduction of 4.5 log10 units 
(R. ornithinolytica), 6.5 log10 units (P. brenneri) and 1.6 log10 units 
(R. mucilaginosa) at the lowest UV dose (25 mJ/cm2) applied 
(Fig. 6A–C). R. mucilaginosa was markedly more UV tolerant than 
R. ornithinolytica and P. brenneri for all the doses (P < 0.01), while 
P. brenneri was the most UV sensitive (P ≤ 0.01). For R. ornithinolytica 
and R. mucilaginosa a further reduction was observed at longer exposure 
times, i.e. higher doses, reaching a 6.0 log10 at the UV dose of 240 mJ/ 
cm2 and a 3.4 log10 reduction at the UV dose of 120 mJ/cm2, respec-
tively. However, this observed dose response reached a tailing point 
soon after the first UV dose, rendering the UV dose response effect 
insignificant (P ≥ 0.01). 

In the violin plots, the average particle size (log10 (area (μm2)) of the 

UV-irradiated samples was compared with the average particle size of 
the control samples (running in parallel with the UV-irradiated samples) 
for each UV dose (Fig. 6D–F). The arrows in the plots indicate the in-
crease or decrease in average particle size from the control to the UV- 
irradiated sample for each UV dose. For R. ornithinolytica a significant 
increase of approx. 21% in average particle size was observed in the UV- 
treated compared with the control samples from the first dose of 25 mJ/ 
cm2 and for all the following doses (P = 0.0001) (Fig. 6D and Supple-
mentary data). This relative difference did not increase significantly 
with longer exposure times (P = 0.542). For P. brenneri the average 
particle size increased significantly by approx. 3% in the UV-treated 
samples compared with the control samples from the first dose applied 
(25 mJ/cm2) and for all the following doses (P = 0.0001) (Fig. 6E and 
Supplementary data). There was a trend towards a dose response effect 
for the following doses (P = 0.002), however, this relative increase was 
practically insignificant. For R. mucilaginosa an increase of approx. 23% 
was observed in the UV-treated compared with the control samples from 
25 mJ/cm2 and for all the following doses (P = 0.0001). As also 
observed in the two former strains, this relative difference did not in-
crease significantly with increasing UV doses (P = 0.511) (Fig. 6F and 
Supplementary data). 

3.3. S. aureus strains 

As it can be observed in the phase-contrast microscope photos of 
Fig. 7, S. aureus aggregating strain was already organized in aggregates, 
having larger average particle size than the other two strains. With extra 
centrifugation and vortexing the aggregates were broken, and the 
average particle size decreased by 47% (from approx. 11 to 6 μm2). The 
non-aggregating strain displayed the smallest average particle size of 
approx. 4 μm2 (Supplementary data). 

For the S. aureus strains, there was an initial reduction of approx. 3.0 
log10 units by applying the lowest UV dose (10 mJ/cm2) (Fig. 8A–C). 
The S. aureus aggregating strain was significantly more UV tolerant than 
the non-aggregating strain (P = 0.0001 for most of the applied UV 
doses), but when the aggregates of S. aureus aggregating strain were 
broken, the UV tolerance decreased to a level closer to the non- 
aggregating strain (P > 0.01 for most of the applied UV doses). For 
the aggregating strain, there was a further significant reduction of 
approx. 1.0 and 2.0 additional log10 units by applying 20 and 40 mJ/ 
cm2, respectively (P < 0.01), while no significant decrease was observed 
for the rest of the doses from 60 to 240 mJ/cm2 (P > 0.01). The initial 
population level of S. aureus with broken aggregates was further 
significantly reduced by 2.5 log10 units by increasing the UV dose from 
10 to 20 mJ/cm2 and by 2.0 log10 units more by increasing the UV dose 

Table 3 
Inactivation rate constant k for a selection of bacterial strains exposed to UV (254–256 nm).  

Strains UV source Initial cell number Inactivation rate constant k (cm2/mJ) Refs. 

R. ornithinolytica UV LEDs 255 nm/ static set-up 107-8 0.110 This study  
P. brenneri 0.259 
R. mucilaginosa 0.049 
S. aureus aggregating NCTC 8325-4 108-9 0.135 
S. aureus aggregating/ 

broken aggregates 
0.277 

S. aureus non aggregating 
ATCC 25904 

0.312 

S. aureus 
ATCC 25923 

UV LEDs 256 nm/ static set-up NA 0.450 (1st exposure) 
0.240 (7th exposure) 

Shoults and Ashbolt (2019) 

E. coli 
IFO 3301 

UV LPML 254 nm/ static set-up 106-7 0.811 Rattanakul and Oguma (2018) 

P. aeruginosa 0.448 
Legionella pneumophila 0.662 
B. subtilis spores ATCC 6633 0.099 
E coli K12 

ATCC 29425 
106 0.270 Beck et al. (2017) 

E. coli 
CGMCC 1.3373 

107 0.350 Li et al. (2017)  
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to 80 mJ/cm2 (P < 0.01). There was no significant decrease for the rest 
of the doses (P > 0.01). For the non-aggregating strain, there was an 
additional significant reduction of 3.0 log10 units by increasing the UV 
exposure from 10 to 20 mJ/cm2 (P < 0.01), but no significant decrease 
for the rest of the doses (P > 0.01). 

In the S. aureus aggregating strain the average particle size increased 

with exposure time in both control and UV-irradiated samples (P =
0.0001), but a UV treatment effect was not observed (P = 0.801) 
(Fig. 8D). When the aggregates of S. aureus were broken, a decrease was 
observed in average particle size over time for both the control and the 
UV-irradiated samples (P = 0.0001), but also here the relative difference 
between them did not change significantly over UV exposure time (P =

Fig. 5. Phase-contrast microscope photos of the strains isolated from food processing water. Magnification: 100x. Dose: 120 mJ/cm2. Exposure time: 10 min.  
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Fig. 6. (A–C) Log10 reduction (CFU/mL) bar-plots of the food processing water strains for the different doses. The different letters (a–c) indicate the significant 
differences in log10 reduction (P ≤ 0.01) among all the doses for each strain. The average log10 reduction (CFU/mL) for each dose has been calculated from n = 6 
replicates for each strain. LOD = 1 cell/mL. (D–F) Log10 (area (μm2)) particle size violin plots of the food processing water strains, illustrating the distribution of the 
average log10 (area (μm2)) particle size per photo for each treatment (n = 24 replicates). The dots in the violin plots’ center illustrate the average particle size per 
treatment. Control samples (0 mJ/cm2): yellow color, UV-irradiated samples: light blue color. Arrows show the increase/decrease in average particle size from the 
control to the UV-irradiated samples. Particle size cut-off ≥ 2.42 μm2. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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0.05) (Fig. 7E). For the non-aggregating strain, the average particle size 
decreased over UV exposure time for both the control and the UV- 
irradiated samples (P = 0.0001). The decrease seemed to be 
constantly larger for the UV-irradiated samples compared with the 
control samples (P = 0.0001) (Fig. 8F). 

4. Discussion 

In this study, UV inactivation kinetics were combined with particle 

size microscope screening data before and after UV treatment. A broad 
range of doses were applied for five different strains with different ag-
gregation characteristics, including two of the same species, to gain 
more knowledge on the phenomenon of UV-induced cell aggregation 
and the impact on the inactivation kinetics. The use of parallel treatment 
of controls and UV-treated samples allowed differentiation of UV 
induced vs. time induced effects. 

Tailing of the survival curves was observed for all strains in this set- 
up. The aggregating strains were more UV tolerant when comparing 

Fig. 7. Phase-contrast microscope photos of the S. aureus strains. Magnification: 100x. Dose: 120 mJ/cm2. Exposure time: 30 min.  
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Fig. 8. (A–C) Log10 reduction (CFU/mL) bar-plots of the S. aureus strains for the different doses. The different letters (a–d) indicate the significant differences in log10 
reduction (P ≤ 0.01) among all the doses for each strain. The average log10 reduction (CFU/mL) for each dose has been calculated from n = 6 replicates for each 
strain. LOD = 1 cell/mL. D–F) Log10 (area (μm2)) particle size violin plots of the S. aureus strains, illustrating the distribution of the average log10 (area (μm2)) particle 
size per photo for each treatment (n = 24 replicates). The dots in the violin plots’ center illustrate the average particle size per treatment. Control samples (0 mJ/ 
cm2): yellow color, UV-irradiated samples: light blue color. Arrows show the increase/decrease in average particle size from the control to the UV-irradiated samples. 
Particle size cut-off ≥ 2.42 μm2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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species but also within species, as seen for S. aureus. The S. aureus 
aggregating strain became markedly more UV sensitive when the ag-
gregates were broken, clearly demonstrating the protective effect of cell 
self-aggregation. Comparison of inactivation rates between studies is 
difficult due to different set-ups, but it is nevertheless interesting to note 
that the highly aggregating R. mucilaginosa, which had a two- 
dimensional area ten times bigger than that of the aggregating 
S. aureus (Supplementary data), had an inactivation rate constant, k, in 
the order of those previously reported for Bacillus subtilis (B. subtilis) 
spores (Table 3). The S. aureus aggregating strain here was more UV 
tolerant when compared with the S. aureus ATCC 25923 strain from the 
study of Shoults and Ashbolt (2019). They exposed this strain to UV with 
re-exposure of surviving populations up to seven times. The 
non-aggregating strain in our study had a k value in between these 
populations’ survivors (Table 3). 

Regarding the particle size analysis method used in this study, it 
captures the two-dimensional rather than the three-dimensional size of 
the aggregates and thus it may underestimate the size of the microbial 
aggregates and the changes observed. Nevertheless, in all the three 
strains isolated from food processing water, UVC-induced aggregation 
was registered regardless of the cell morphology, aggregation, and 
Gram-staining characteristics. The increase in average particle size and 
the main reduction were observed already at the lowest UV dose applied 
and no further particle size increase was observed with increasing UV 
doses, indicating that any inducing effect had already happened at 25 
mJ/cm2. Our findings here thus support that UV treatment induces 
microbial aggregation (Blatchley et al., 2001; Kollu and Örmeci, 2015; 
Lee et al., 2018). It is possible that the induced aggregation is a sign of 
general cell damage, since Lee et al. (2018) found that the zeta potential, 
as a marker of surface charge, decreased with UV dose exposure as also 
seen in starved and generally stressed cells (Soni et al., 2008). The 
decrease of zeta potential is a sign of reduced repulsion, which could 
increase the possibility of cells to attach to each other. 

Interestingly, the S. aureus, whether aggregating or not, differed from 
the other bacteria in terms of not showing increased adhesion upon UV 
exposure. The use of parallel control samples were important in order to 
differentiate between time-induced and UV-induced changes, since both 
the UV-treated and non-UV-treated samples may change particle size 
during the experiment. Since the other Gram-positive R. mucilaginosa did 
increase particle size substantially upon UV exposure, other factors be-
sides Gram characteristics must play a role. Lee et al. (2018), employing 
a higher wavelength (275 nm), found that the negative electrostatic 
surface charge decreased more for the Gram-negative strains of E. coli 
and P. aeruginosa than for a Gram-positive strain of S. aureus upon 
exposure, but the zeta size change was largest for S. aureus. The aggre-
gating characteristics of this strain was not reported. 

Several authors have stated that the time-dose reciprocity law, where 
the same amount of photons always activates the same amount of 
molecules, is valid for inactivation of bacteria at wavelengths within the 
UVC radiation (Bolton and Cotton, 2008; Pousty et al., 2021; Song et al., 
2019, 2016). In principle this should be independent of the time factor. 
However, Kollu and Örmeci (2015), using E. coli as the test organism and 
LPML (254 nm), noticed a higher proportion of larger particles, when 
they decreased the LPML intensity and increased the exposure time to 
obtain the same dose, and Lee et al. (2018), using a flow-based set-up, 
reported that longer exposure times decreased the bactericidal effect. 
Since it seems clear that aggregation per se has a protective effect, as 
seen in our results with whole and broken S. aureus aggregates, lower 
intensities and longer exposure times are therefore likely to reduce the 
inactivation rate. The impact of the intensity/exposure time and wave-
length range on UV inactivation needs to be clarified more in the future, 
especially if the industry will move from the industrial set-ups of the 
present days, with high intensity LPML and large flow-through reactors, 
to the lower intensity UV LED treatment options. 

The possibility for bacteria to adhere to each other depends on the 
bacterial levels and the opportunity to attach to each other. Abshire and 

Dunton (1981) and Chatzisymeon (2016) observed in earlier studies that 
log10 reduction times became longer with higher population levels 
pointing towards a cell density effect and Lee et al. (2018) found that if 
mixing chambers were introduced in flow systems, more collision op-
portunities arouse, reducing the UV effect. It is therefore likely that some 
of the phenomena observed with aggregation and general tailing are 
reinforced by the high initial population levels that are usually used in 
lab-scale UV inactivation studies since cell numbers strongly affect both 
energy absorption and the number of adherence opportunities. 

The practical implication of cell aggregation, whether induced or 
not, and the corresponding decrease in UV treatment efficiency would 
be that log10 reduction times would vastly overestimate microbial 
inactivation, if based on the initial reduction and applied to high mi-
crobial levels. According to Sommer et al. (2008), a UV dose at 253.7 nm 
of 40 mJ/cm2 is required for drinking water treatment, by known Eu-
ropean standards such as the German Association for Gas and Water 
(GVGW) and the Austrian Standards Institute (ÖNORM). This UV dose 
includes a 4 log10 reduction of most of the relevant viruses such as 
Hepatitis A virus, rotavirus, poliovirus and calicivirus. In our study, a UV 
dose of approx. 20–25 mJ/cm2 at 255 nm generated a ≥ 4 log10 
reduction for all the strains tested, apart from R. mucilaginosa, which 
needed an almost nine times higher UV dose (180 mJ/cm2) to reach the 
same level of inactivation. The potential occurrence of highly resistant 
species or strains should be recognized and taken into account if they 
affect the quality of the products or the processes. 

Moreover, the effect of some types of pre-treatments on UV efficacy 
have to be considered, especially within a food processing context where 
many different process technologies may be applied and high microbial 
loads may be encountered. For example, heat treatment can lead to 
many dead or impaired microbial cells that can facilitate further cell 
aggregation in a latter UV disinfection step. Other types of pre- 
treatments, e.g. membrane filtration, seem to be necessary to remove 
the great bulk of suspended solids and microorganisms and increase the 
% UVT. Another thing to consider is the composition of the food pro-
cessing water that is supposed to be UV-treated since, e.g. ionic strength 
and acidity affect cell aggregation. If microbial loads are low, however, 
these factors are most likely of limited importance. In some cases, 
extensive recycling may take place either for non-food-contact purposes 
or decontamination of brines. Here, it is important to be aware of long 
term effects such as selection for UV resistant species or development of 
more resistant strains in the industry over time, so continuous follow-up 
on the water quality is needed. 

The fit-for-purpose concept is risk based and from a food regulatory 
view the focus is on food safety. However, from the processor’s view 
issues related to microbial-caused spoilage, process problems or work 
health concerns are also important. The assessment of water quality is 
therefore case specific depending on the water source to be reused, the 
potential food safety hazards, other quality issues of interest, the treat-
ment efficacy, distribution and storage, monitoring options, and the 
intended use. If the intended use allows for direct or indirect contact 
with the food produced, the whole process should be covered by the food 
safety management program of the company. The requirements to the 
UV treatment therefore depends on many parameters, but potential 
variations in microbial loads and processes should be taken into 
consideration. Our results add to a better understanding on how to 
predict microbial inactivation in different scenarios of UV treatment, 
and some of the parameters involved. These parameters may impact 
planning of suitable challenge trials, and the design of efficient food 
processing water disinfection systems which will help in providing safe 
fit-for-purpose water for reuse thereby contributing to water savings and 
sustainability. 

5. Conclusions 

This study demonstrates that UV light can induce aggregation during 
UV treatment of aqueous solutions in both Gram-positive and negative 
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strains, but not in the S. aureus strains tested, regardless of their ag-
gregation characteristics which indicates species specific reactions. A 
tailing effect was observed for all the strains after the initial population 
reduction. The naturally aggregating species were more tolerant to UV 
irradiation both between and within species and a strong correlation 
between aggregation and UV tolerance was observed, with the strongest 
aggregating strain requiring nine times higher UV dose, compared with 
the rest of the strains tested, to reach the same log10 reduction. 
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