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ABSTRACT. Plant factories are efficient systems for vegetable production under a
clean and controlled environment. To improve the sterilization efficiency of
nutrient solutions (NS) in plant factories, this study examined the changes in the
number and composition of colonies from in-use and post-use stored NS. The
sterilization effect under ultraviolet (UV) light-emitting diode light was also
investigated. The results indicated that the total plate count of bacteria (TPC) of
newly prepared NS was 3.99 lg CFU/mL (9870 CFU/mL); within 7 days of
cultivation, this number sharply increased ~7.8 times to 4.88 lg CFU/mL
(76,000 CFU/mL), then remained stable. After dark sealed storage (DSS) of
post-use NS, TPC dramatically decreased by 82.8% and reached its lowest point
at 4.29 lg CFU/mL (19,566 CFU/mL) on day 3, equivalent to a log survival
ratio of 20.76, then rapidly rebounded by 235.6% to 4.82 lg CFU/mL (65,666
CFU/mL) on day 4. During storage, bacterial community composition was also
remarkably changed, and the relative abundance of heterotrophic bacteria such as
Variovorax paradoxus and Pararhizobium giardinii and photosynthetic bacteria
such as Pseudo-Nitzschia multiseries were greatly decreased. The log survival ratio
for in-use and post-use stored NS under UV sterilization were 21.29 and 21.30,
respectively, and was not significantly different. Coupled with the dramatic
decrease in TPC during DSS, the overall log survival ratio of post-use NS UV
sterilization was 22.06 and was the most effectively form of sterilization in our
study. In short, TPC of in-use NS remained high for a long period, and DSS
may serve as a low-cost NS sterilization method in plant factories.

Asthe most susceptible compo-
nent to infection, nutrient
solutions (NSs) breeds high

concentrations of microorganisms

(Strayer 1994) due to their abundant
nutrient elements. Total plate count of
bacteria (TPC) in NS can reach 5.0 to
6.0 lg CFU/mL after 20-h greenhouse
tomato cultivation, nearly 100 times
greater than unused NS (Berkelmann
et al. 1993). Bacteria in NS will com-
pete with plants for nutrients. More
serious, this high bacteria level will last
for long periods during cultivation (Li
2019), significantly increasing the risk
of plant disease outbreaks (Jia et al.
2023). The closed and controlled pro-
duction environment in plant factories
ensures clean and high-quality vegetables.
However, bacterial contamination risks
remain nonnegligible. Plant cultivation in
all plant factories is based on hydroponics
(Kim et al. 2019), and once a system is
infected, pathogens can spread widely via
NS circulation (Chung et al. 2013; Liu
and Huang 2019), leading to substantial
economic losses. Consequently, it is im-
perative to sterilize NS in plant factories.

Liquid with higher TPC requires
more resource input for sterilization.

Three times the ultraviolet (UV) dose
(An 2016) or 28% more ozone (Xu
et al. 2002) was needed to achieve the
same sterilization effect when TPC in
samples to be tasted increased 3- to
4-fold. Therefore, reducing TPC has
significant benefits in saving steriliza-
tion costs.

TPC is closely associated with
environmental factors such as light
and organic carbon. Light has a bidi-
rectional regulation on bacterial re-
production. UV light can damage
bacterial DNA (Chevrefils et al. 2006),
and visible light is able to generate reac-
tive oxygen species that injure cell struc-
tures (Hessling et al. 2017), leading to
growth inhibition. On the other hand,
light also significantly promotes in-
crease of TPC by breaking down the
macromolecular organics into smaller
units that are more favorable for bac-
teria (Bertilsson and Stefan 1998).
Lindell et al. (1995) irradiated lake
water with simulated sunlight, which
resulted in a 65% increase in TPC.
NS exposed to light can lead to algae
pollution (Schwarz and Gross 2004).
As the primary carbon skeleton and en-
ergy source for heterotrophic bacterial
growth (Bridson and Brecker 1970;
Escobar et al. 2001), available organic
carbon (AOC) is positively correlated
with TPC (Escobar et al. 2001; Le-
Chevallier et al. 1991). AOC less than
10 mg acetate-C/L in water was re-
ported to maintain TPC at a low level
below 100 CFU/mL (Kooij 1992).
For NS, AOC such as organic acids,
sugars, amino acids, and so on (Biate
et al. 2015; Tang et al. 2018; Weis-
skopf et al. 2008) continuously re-
leased into NS in the form of root
exudates (Nguyen 2003), which plays
an important role in supporting bacte-
rial growth (Scheuerman et al. 1988;
Strayer et al. 1994).

In this study, post-use NS was pre-
served to investigate the impact of dark
and lack of AOC on TPC. Further-
more, we analyzed bacterial community
composition (BCC) before and after
storage by sequencing the V3–V4 hy-
pervariable region of the bacterial 16S
rRNA gene to explain relationship be-
tween TPC and BCC.

Materials and methods
Plant materials and growing
conditions

Lettuce (Lactuca sativa cv. Tiberius
RZ) seeds were sown on a deionized
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water-soaked seedling sponge sheet
(225 mm × 175 mm × 25 mm) and
placed in seedling trays (330 mm ×
225 mm × 40 mm) for germination un-
der a temperature of 22 ± 0.5 �C for
48 h in the dark. Subsequently, seedlings
were illuminated by the light-emitting
diode (LED) at 200 mmol·m�2·s�1 with
a red-to-blue ratio (R:B) of 4:1, 16-h
photoperiod (0600 to 2200HR). Tem-
perature, relative humidity and CO2
concentrations were maintained at 22 ±
0.5 �C, 65 ± 10%, and 400 ± 50 mmol/
mol, respectively. After 14 d of growth,
uniform young plants were selected
and transplanted into three cultivation
beds (1500 mm × 670 mm × 60 mm)
for deep flow hydroponic with a plant-
ing density of 37 plants/m2 in a fully
closed plant factory located at the Chi-
nese Academy of Agricultural Science,
Beijing, China (lat. 39�57040.200N,
long. 116�19034.600E). The environ-
mental conditions remained the same
as those in seedling period.

Modified Cornell lettuce NS
(Table 1) with a pH of 5.6 ± 0.1, EC
of 1.6 ± 0.1 mS/cm was used for seed-
ling and cultivation. A total of 310 L NS
was added to the NS tank (482 mm ×
482 mm × 800 mm) and three culti-
vation beds to operation liquid level
(40 mm). The NS was circulated
four times daily (0300 to 0500, 0900
to 1100, 1500 to 1700, and 2100 to
2300 HR).

To avoid contamination from re-
sidual bacteria, circulation system in-
cluding NS tanks and three cultivation
beds were soaked by sodium hypochlo-
rite (NaClO) solution (effective chlorine
4%) for 12 h, then flush washing 3 times
by deionized water until no NaClO re-
mained before use.

Sterilization device
AUV LED nutrient solution sterili-

zation (UV-NSS) device (Fig. 1) was
developed in our previous study (Ke
et al. 2023). Its main sterilization func-
tion component was eight UV-LED
light bars fixed in parallel outside a
quartz tube to irradiate NS in it at a close
range, and NS was pumped through
the UV-NSS module for sterilization.

Measurements
TPC MEASUREMENT. Luria–Bertani

(LB) medium was prepared for colonies
growth by fully mixed 19.2 g LB nutrient
agar powder (Cat#L8290; Beijing Solar-
bio Science & Technology Co., Ltd.,
Beijing, China) and 1 L sterile water.

To measure TPC in NS that could
be at extremely high levels, dilution
with a gradient of 10 times was used to

count colonies in plates. One hundred
microliters of NS sample were diluted
in 900 mL of sterile water to obtain
10-fold dilutions. In addition, 102-fold,
103-fold, and 104-fold dilutions were
obtained by repeating this operation.
Each bacterial dilution (100 mL) was
then cultured on the LB plates and
sterile water as the control. After cul-
turing at 37 �C for 48 h in a sterile
incubator (Shanghai Yiheng Scientific
Instrument Co., Ltd., Shanghai, China),
the plates with colonies ranging from
30 to 300 were selected to calculate
TPC (CFU/mL) by using the follow-
ing formula:

TPC 5
BD

V
[1]

In this formula, B stands for the
average number of colonies across three
repeats in the same dilution (CFU), D
stands for the dilution multiple of the
selected plate, and V stands for the sam-
ple volume added at the first dilution
(10-fold dilution, mL). V was 0.1 mL
in this study.

As an efficient and brief method
to represent a lengthy and complex
TPC number, lg CFU/mL is usually
used in microorganism counting pro-
cedure. The conversion is done by fol-
lowing formulas:

N 5 10x [2]

lgNCFU=mL 5 x lg CFU=mL [3]

In these formulas, N stands for
TPC in CFU/mL, and x is the value
of lg CFU/mL.

To prevent contamination from
miscellaneous bacteria, all containers
were wrapped in tinfoil and sterilized

Table 1. Modified Cornell lettuce nu-
trient solution recipe.

Compound Concn (mg·L21)

Ca(NO3)2·4H2O 524.20
KNO3 485.60
Fe-EDTA 14.40
KH2PO4 72.60
NH4H2PO4 53.40
MgSO4·7H2O 245.00
Na2B4O7·10H2O 1.44
MnSO4·H2O 0.76
ZnSO4·7H2O 0.57
CuSO4·5H2O 0.09
Na2MoO4·2H2O 0.06

Fig. 1. Ultraviolet light-emitting diode (UV-LED) nutrient solution sterilization (UV-NSS) device. (A) Device structure where
1 5 UV-NSS Module; 2 5 encapsulated heat sink shell; 3 5 flowmeter; 4 5 test liquid tank; 5 5 water pump; 6 5 valve;
7 5 pipeline; and 8 5 water outlet. (B) Sterilization module where 9 5 UV-LED bar; 10 5 UV-LED beads; 11 5 quartz tube;
and 12 5 fixtures.
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at 121 �C for 20 min in a vertical pres-
sure steam sterilizer (Shanghai Boxun
Industrial Co., Ltd. Medical Equip-
ment Factory, Shanghai, China).

LOG SURVIVAL RATIO. The log
survival ratio quantifies the extent of mi-
crobial survival after sterilization treat-
ment in this study. The formula is as
follows:

log survival ratio 5 lg Nt=N0 [4]

In this formula, Nt stands for TPC
after sterilization treatment (CFU/mL),
and N0 stands for TPC before steriliza-
tion treatment (CFU/mL).

DNA EXTRACTION AND SEQUENCING.
DNA was extracted by using E.Z.N.A.
Soil DNA Kit (Omega Bio-tek, Inc.,
Norcross, GA, USA) following the in-
structions, then V3–V4 region of the
16S rRNA gene were amplified with
the universal primer 338F (50-ACTCC
TACGGGAGGCAGCAG-30) and 806R
(50-GGACTACNNGGGTATCTAAT-30).
The amplicons were sequenced with
Illumina Miseq/Nextseq 2000/
Novaseq 6000 (Illumina, Inc., San
Diego, CA, USA) platform at Bei-
jing Allwegene Gene Technology Co.,
Ltd. (Beijing, China).

Qualified sequences were clustered
into operational taxonomic units (OTUs)
based on 97% similarity threshold using
the Uparse (Edgar 2013) algorithm of
Vsearch (v2.7.1) (Rognes et al. 2016)
software. To minimize the effect of se-
quencing depth to the intersample varia-
tion, samples were rarefied to 56,583
sequences per sample. BCC was per-
formed at the phylum and species levels.
Bacterial a diversity analysis (Shannon,
Simpson, Chao1, and observable species)
and principal component analysis (PCA)
were calculated based on the OTU infor-
mation using QIIME (v1.8.0) (Rognes
et al. 2016) and R (v3.6.0), respectively.

Statistical analysis
The data represent the means for

three replicate samples of each experi-
ment. SAS statistical software (version
9.2; SAS Institute, Cary, NC, USA)
was used to analyze significant differ-
ences (P # 0.05), and standard error
(SE) is indicated error bars.

Experimental design
IN-USE NS SAMPLING. Two

batches (total of 40 d) of lettuce were
grown hydroponically from Sep to Nov
2021, following the procedures in de-
scribed earlier. Between the two batches,

the circulation system was replenished
with fresh NS (Table 1) to the initial vol-
ume (310 L).

NS was collected once every 3 d
throughout the cultivation process; a
1-mL sample 20 mm below the surface
of three cultivation beds was taken with
a sterile centrifuge tube at 1700 HR,
whenNS was fully circulated andmixed.
NS after 40 d of cultivation (CK) was
used for sterilization.

POST-USE STORAGE NS SAMPLING.
One batch (total of 20 d) of lettuce
was hydroponic grown from Oct
2022 to Nov 2022 following the pro-
cedures described earlier. A total of
140 L (70 L × 2) of used NS was
sealed in two nontransparent tanks
(700 mm × 340 mm × 340 mm, L ×
W × H) and stored at room tempera-
ture (25 �C) for 6 d as the dark sealed
storage (DSS) treatment.

To identify the effect of DSS on
TPC decrease, NS (1 mL) 200 mm be-
low the surface of the nontransparent
tank was obtained with a sterile centri-
fuge tube at 1700 HR daily, and the NS
with the lowest TPC (LT-DSS) was
used for sterilization. Another 50 mL of
NS from the same location was collected
for BCC determination on days 0 and 5.

COMPARISON OF STERILIZATION

EFFECT. Data including TPC after ster-
ilization and log survival ratio of CK
and LT-DSS under sameUV dose (cur-
rent 1.6A, NS flow rate 1.05 m3/h)
were compared.

Sterilized NS samples (1 mL) were
collected from the water outlet of the
UV-NSS device for TPC and log sur-
vival ratio determination.

Results
TPC changes during hydroponics

As shown in Fig. 2, during the
first batch of lettuce cultivation (day 0
to 20), in-use NS exhibited an increase
at first and later a stable trend in TPC.
More specifically, TPC in newly pre-
pared NS (day 0) was 3.99 lg CFU/mL
(9870 CFU/mL), then rapidly increased
by 88% after only 1 d of use, reached
4.27 lg CFU/mL (18,600 CFU/mL).
On days 4 and 7, the number reached
4.66 lg CFU/mL (45,700 CFU/mL)
and 4.88 lgCFU/mL (76,000CFU/mL),
an increase of 146% and 67% compared
with days 1 and 4, respectively. The
growth trend then slowed until reaching
the highest TPC of 5.01 lg CFU/mL
(103,000 CFU/mL) on day 13.

After harvesting the first batch of
lettuce, newly prepared NS was replen-
ished to the circulation system as described

Fig. 2. Change of total plate count of bacteria on days 0 to 40. Error bars indicate
standard deviation (n 5 3).
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earlier for the second batch of cultivation
(days 21 to 40). This NS refilling proce-
dure significantly decreased TPC by 53%
to 4.64 lg CFU/mL (44,100 CFU/mL)
on day 22 compared with day 19. After
14 d of growth, TPC reached its highest
point of 5.06 lg CFU/mL (114,000
CFU/mL) on day 34, showing no
significant difference from the highest
point in the first batch (P > 0.05). The
growth rate after adding new NS (days
22 to 28) was significantly lower than
the same stage at the first batch (days
0 to 7). Under our experimental condition,
stable-period TPC consistently fluctuated
�4.90 lg CFU/mL (79,000 CFU/mL),
reaching bacterial carrying capacity of the
NS.

Notably, during the two batches
of cultivation, there was a decrease
of more than 30% on days 16 and 37
(P # 0.05), respectively, 3 d after
TPC reached its highest point.

TPC changes under DSS
As shown in Fig. 3, TPC showed

a drastic decline and recovery in a
short period (4 d). The number on
day 3 (4.29 lg CFU/mL, 19,566
CFU/mL) sharply dropped by 82.8%
compared with day 0 (5.06 lg CFU/mL,
113,667 CFU/mL), equivalent to a
log survival ratio of �0.76, then
quickly rebounded 235.6% to 4.82 lg
CFU/mL (65,666 CFU/mL) on
day 4. Nevertheless, the bacterial-
carrying capacity seemed to be inhib-
ited after this major turning point and
was 21.3% lower than before (day 0).

Effects of DSS on bacterial
diversity and community

DIVERSITY ANALYSIS. The rare-
faction curve, which tends to be flat,
gradually revealed that there was suffi-
cient OTU coverage to describe the
bacterial composition, and sequence
depth was enough to reflect the majority
of OTUs in stored days 0 and 5 (Fig. 4);
529 and 552 number of OTUs were de-
tected in both groups, respectively.

The a diversity index for stored
days 0 and 5 are presented in Table 2.
The Chao1 index and observable species
were unaffected by DSS (P > 0.05), and
community abundance showed no signif-
icant change. Shannon index and Simp-
son index (1-D values) were significantly
increased by DSS (P # 0.05), indi-
cating that community diversity sig-
nificantly improved.

DSS-INDUCED BCC CHANGE.
Figure 5 shows the 16S rRNA amplicon-
based BCC before and after 5 d of DSS.
At phylum level, Proteobacteria was
dominant (relative abundance of 64.3%)

on day 0, followed by Patescibacteria
(15.7%), Actinobacteriota (11.0%), Cya-
nobacteria (5.0%), and Bacteroidota
(2.0%); the sum of the relative abun-
dance of the other phyla was less than 2%

Fig. 4. Rarefaction curves of number of operational taxonomic units (OTUs).
d0_1,2,3 and d5_1,2,3 are three replicates of day 0 and 5, respectively.

Fig. 3. Change of total plate count of bacteria during dark sealed storage. Error
bars indicate standard deviation (n 5 3).
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(Fig. 6A). After 5 d of storage, the rela-
tive abundance of Proteobacteria, Acti-
nobacteria, Bacteroidota, Myxococcota,
and Armatimonadota increased to
69.3%, 11.3%, 6.0%, 5.0%, and 2.3%,
respectively (Fig. 5A). The relative
abundance of Patescibacteria and Cya-
nobacteria sharply decreased to 2.0%
and 0.2%, respectively (Fig. 5A). Proteo-
bacteria consistently maintained the
most dominant bacteria during DSS.

At the species level, the most
dominant bacteria on day 0 was Vario-
vorax paradoxus (20.7%), followed by
Pararhizobium giardinii (5.3%) and
Gamma proteobacterium (4.0%). Their
relative abundance decreased to 12.0%,
3.0%, and 2.7% after 5 d of storage,
respectively (Fig. 5B). V. paradoxus

exhibited the most significant decrease.
Additionally, the relative abundance
of Nocardioides fonticola increased
from less than 1% to 4.3%, the Pseudo-
Nitzschia multiseries had a relative
abundance of 4.3% on day 0 and had
disappeared on day 5 (Fig. 5B).

PRINCIPAL COMPONENT ANALYSIS.
PCA was employed to better reveal
the dissimilarity among multiple sam-
ples on days 0 and 5 of DSS based on
OTU information (Fig. 6). Principal
component 1 (PC1) explained 72.7%
in this analysis, and PC2 explained
20.5%. The distance between sample
points on days 0 and 5 was longer,
illustrating that there were differences
in BCC during 5-d storage. Further-
more, intragroup distances were shorter

on day 0 and longer on day 5, and dif-
ferences in the BCC group were more
significant on day 5 than day 0.

Effect of DSS on sterilization
Our results indicate that NS after

3 d of DSS had the lowest TPC and
was used for sterilization. Together with
the NS from CK, they were sterilized by
following the methods described earlier.
As mentioned previously, the initial
TPC of CK and LT-DSS were 72,000
CFU/mL (Fig. 2) and 19,566 CFU/mL
(Fig. 3), respectively. As shown in
Table 3, under sterilization by UV-
NSS, TPCof the two treatments dropped
to 3700 CFU/mL and 990 CFU/mL,
respectively. Despite the 82.8% TPC
reduction caused by DSS (Fig. 3),
there was no significant difference in
log survival ratio between the two
treatments. Nevertheless, by consider-
ing the sterilization effect of DSS, the
overall log survival ratio dropped to
�2.06, significantly enhancing the
sterilization effect compared with CK
(�1.29) (P# 0.05).

Discussion
TPC changes during hydroponic
and DSS

As the crucial nutrient source for
bacteria (Butler et al. 2003), organic
carbon, including organic acids, sugars,
and amino acids (Tang et al. 2018),
were directly released into NS (Biate
et al. 2015) as root exudates. At the be-
ginning of hydroponic planting, high
nutrient concentration and low TPC
created enormous potential and space
for bacterial proliferation. Together
with the promoting effect of organic
carbon on bacterial growth (Lu et al.
2023), TPC quickly increased (Fig. 2).
Yet with increasingly intensified com-
petition between bacterial species
and continuous plant consumption
of nutrients, the organic carbon sup-
plied could not fully support the
rapid increase of bacteria, and the
overall colony growth rate was in-
hibited (Fig. 2).

Addition of low organic carbon
concentration in the newly prepared

Table 2. a diversity index of stored on day 0 and 5.

a diversity index

Day Chao1 Observable species Shannon Simpson

0 576.2 ± 16.5 ai 529.3 ± 23.0 a 4.8 ± 0.1 a 0.9 ± 0.0 a
5 599.5 ± 25.5 a 552.0 ± 21.4 a 5.7 ± 0.3 b 1.0 ± 0.0 b
i Values are means (n 5 3) with standard deviation. The data within a column followed by different letters indicate significant difference at the 5% level.

Fig. 5. Bacterial community composition (BCC) before and after 5 d of dark
sealed storage (DSS). (A) Phylum level of day 0 and 5 DSS. (B) Species level of
day 0 and 5 DSS.
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NS between the two batches exerted
a dilution effect and directly resulted
in a significant decline in TPC by day
22 compared with day 19 (Fig. 2).
However, newly prepared NS also pro-
vided potential and space for bacterial
proliferation.

The relatively lower TPC growth
rate during the second batch of culti-
vation may explain the lower organic
carbon content of newly added NS
and lesser root exudate of newly
transplanted lettuce seedlings (Badri
and Vivanco 2009; Santangeli et al.
2024).

Furthermore, limited nutrient,
space, organic carbon in NS, and
competition prevented TPC from
growing indefinitely, which eventually
stabilizes TPC �4.90 lg CFU/mL
(79,000 CFU/mL) during hydro-
ponic under experimental conditions
(Fig. 2).

When organic carbon from plants
was interrupted, the remaining organic
carbon was depleted by existing bacte-
ria during DSS and caused a sudden de-
crease in TPC on day 3 (Fig. 3). The
dead heterotrophic became the new or-
ganic carbon source for surviving bacte-
ria (Bridson and Brecker 1970) and
proliferated rapidly on day 4 (Fig. 3).
After this large-scale evolution of the
community structure, a new balance

Fig. 6. Principal component (PC) analysis of days 0 and 5 storage.

Table 3. Sterilization effect of nutrient solution (NS) after two batches of hydro-
ponic grown (CK) and NS with the lowest total plate count of bacteria (TPC)
(LT-DSS) under ultraviolet light-emitting diode nutrient solution sterilization
device.

Treatments
Initial TPC
(CFU/mL)

TPC after sterilization
(CFU/mL) Log survival ratio

CK 72,000.0 ± 12,342.0 ai 3,700.0 ± 702.4 a �1.29 ± 0.1 a
LT-DSS 19,566.7 ± 751.0 b 990.0 ± 58.9 b �1.30 ± 0.0 a
i Values are means (n 5 3) with standard deviation. The data within a column followed by different letters in-
dicate significant difference at the 5% level.
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between bacteria and organic carbon
was reestablished. Additionally, zero in-
put of exogenous organic carbon might
result in a decrease of bacterial carrying
capacity at this time.

BCC changes during DSS
Bacterial species in NS were deter-

mined by amplicon sequencing in this
experiment. Consistent with previous
studies (Li 2019; Lin et al. 2021), Pro-
teobacteria consistently emerged as the
dominant bacteria throughout our
experiment (Fig. 5A). This may be
because Proteobacteria is the largest
phylum of bacteria widely present in
nature and plant roots (Liu et al.
2024), and therefore it is more likely
to colonize in NS.

The extensive mortality of Cyano-
bacteria could be attributed to the dark
storage conditions (Fig. 5A). As pre-
dominantly photosynthetic organisms
living in light-rich environments (Whit-
ton and Potts 2012), Cyanobacteria
rely on solar energy and CO2 exclu-
sively for their autotrophic growth, but
a dark storage environment prevents
them from performing photosynthesis,
leading to substantial mortality. At the
species level, disappearance of Pseudo-
Nitzschia multiseries, members of the
Cyanobacteria could also be attributed
to the same reason (Fig. 5B). In addi-
tion, Zheng et al. (2023) reported that
with the death of Cyanobacteria, mass
nutrients were released and the relative
abundance of bacteria associated with
organic matter degradation, such as
Bacteroidetes and Actinobacteria, was
simultaneously enhanced, which is in
line with the results of this study.

As a bacteria found in soil, V.
paradoxus is closely associated with
natural degradation processes (Jamie-
son et al. 2009). P. giardinii and Rhi-
zobium sp. are root-nodule bacteria
(Debnath et al. 2023), potentially ex-
isting as saprotrophs in NS after being
separated from plants (Chen et al.
2004) and can decompose a broad
range of compounds (McLeod et al.
2006). The relative decreasing abun-
dance of these dominant bacteria fur-
ther indicated that the lack of organic
carbon in DSS limited heterotrophic
bacteria growth (Fig. 5B). A vacant
ecological niche also offers opportuni-
ties for other nondominant bacterial
species to thrive; bacteria such as N.
fonticola could be more adaptable to
the DSS environment and increased in

relative abundance from less than 1%
on day 0 to 4.3% on day 5 (Fig. 5B).

The sealing of NS also played a
role in isolating air; a low-oxygen
environment could be created with
the process of aerobic respiration.
However, aerobic bacteria, such as V.
paradoxus (Jamieson et al. 2009) and
N. fonticola (Prauser 1976), still grew
well in present study. This may be be-
cause aerobic bacteria’s oxygen de-
mand drops. Under nutrient-limited
conditions, the oxygen consumption
of aerobic bacteria can be decreased
by at least two orders of magnitude
(Riedel et al. 2013). On the other
hand, a shortage of oxygen also re-
duced the nutrient consumption of
bacteria, ensuring their survival in low-
oxygen environments (Berney et al.
2014).

Effect of DSS on sterilization
Consistent with existing research

(Chuang et al. 2013; Yang et al. 2022),
the TPC of LT-DSS after sterilization
was sharply reduced due to its low initial
value (Table 3). Although the initial
TPC in CK was significantly higher than
LT-DSS, there remained much spare
space between the bacteria, whichmeans
that UV could completely irradiate and
penetrate each bacterium, leading to
a similar log survival ratio of CK and
LT-DSS.

Conclusions

1. Under experimental conditions, a
relatively low TPC level of 3.99 lg
CFU/mL (9870 CFU/mL) was
detected in newly prepared NS.

2. Once newly prepared NS was
used for cultivation, the organic
carbon provided by the roots
supported a rapid increase in
TPC. In present study, TPC in
NS sharply increased 7.8 times
from 3.99 lg CFU/mL (9870
CFU/mL) to its maximum ca-
pacity (4.88 lg CFU/mL, 76,000
CFU/mL) in the first week. This
count fluctuated during the re-
maining days of the study.

3. Darkness and AOC deficiency
significantly inhibited the growth
of photosynthetic and heterotro-
phic bacteria. In present study,
this led to a decrease in TPC
by more than 80% on day 3 of
DSS when it reached it lowest

level (4.29 lg CFU/mL, 19,566
CFU/mL).

4. The DSS-induced TPC decrease
could serve as a sterilization
method. Its minimum log sur-
vival ratio is �0.76 under ex-
perimental conditions.

5. Because of the rapid conversion
of previously dead bacteria into
new organic carbon source for
colony reconstruction, the DSS-
induced decrease in TPC lasts
only for a short time. In this
study, TPC in NS rebounded
235.6% within 24 h after reach-
ing the lowest point. It is im-
portant to confirm when to carry
out subsequent sterilization oper-
ations according to actual TPC
decrease.

6. DSS could save energy required
for sterilization. After UV irra-
diation, TPC of LT-DSS was
82.8% lower than CK, which indi-
cated that the UV LED number
or energy input could be reduced
while get the same sterilization
effect.
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