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ABSTRACT Microbial degradation plays an important role in environmental remedia-
tion. However, most microorganisms’ pollutant-degrading capabilities are weakened
due to their entry into a viable but nonculturable (VBNC) state. Although there is some
evidence for the VBNC state of pollutant-degrading bacteria, limited studies have been
conducted to investigate the VBNC state of pollutant degraders among fungi. In this
work, the morphological, physiological, and molecular changes of phenol-degrading
yeast strain LN1 exposed to high phenol concentrations were investigated. The results
confirmed that Candida sp. strain LN1, which possessed a highly efficient capability of
degrading 1,000mg/liter of phenol as well as a high potential for aromatic compound
degradation, entered into the VBNC state after 14 h of incubation with 6,000mg/liter
phenol. Resuscitation of VBNC cells can restore their phenol degradation performance.
Compared to normal cells, significant dwarfing, surface damage, and physiological
changes of VBNC cells were observed. Molecular analysis indicated that downregulated
genes were related to the oxidative stress response, xenobiotic degradation, and carbo-
hydrate and energy metabolism, whereas upregulated genes were related to RNA poly-
merase, amino acid metabolism, and DNA replication and repair. This report revealed
that a pollutant-degrading yeast strain entered into the VBNC state under high concen-
trations of contaminants, providing new insights into its survival status and bioremedia-
tion potential under stress.

IMPORTANCE The viable but nonculturable (VBNC) state is known to affect the cultur-
ability and activity of microorganisms. However, limited studies have been con-
ducted to investigate the VBNC state of other pollutant degraders, such as fungi. In
this study, the VBNC state of a phenol-degrading yeast strain was discovered. In
addition, comprehensive analyses of the morphological, physiological, and molecular
changes of VBNC cells were performed. This study provides new insight into the
VBNC state of pollutant degraders and how they restored the activities that were
inhibited under stressful conditions. Enhanced bioremediation performance of indig-
enous microorganisms could be expected by preventing and controlling the forma-
tion of the VBNC state.

KEYWORDS gene expression, phenol biodegradation, resuscitation, VBNC induction,
yeast Candida

In the natural environment, only a small fraction (;1%) of microbial cells could be culti-
vated on growth media, and most microorganisms remain inaccessible (1, 2). To cope

with environmental stresses, including extreme temperature, oligotrophic nutrients, high
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concentrations of pollutants, and other physicochemical stress factors, a variety of micro-
organisms enter into a state of dormancy in which cells are viable but nonculturable
(VBNC) (3, 4). Despite the fact that VBNC cells cannot be cultivated by conventional cul-
ture-dependent approaches, they are capable of taking up nutrients and producing new
biomass (5). Similar to other nongrowing states (sporulation, persistence, and dormancy),
the VBNC state is a bet-hedging strategy for long-term survival under stressful conditions
(2, 6, 7). VBNC individuals are important members of microbial ecosystems and contrib-
ute to the diversity and functionality of microbial populations (3). Until now, several
investigations have focused on VBNC cells in the food industry due to their pathogenic
potential (5, 8); however, there is still limited information on the VBNC state of pollutant-
degrading microorganisms.

It should be noted that several functional microbial populations exhibited low met-
abolic activity and reduced contaminant-degrading capabilities in the natural environ-
ment due to entry into the VBNC state (9–13). For example, the VBNC state of
biphenyl-degrading strain Rhodococcus biphenylivorans TG9T was triggered by oligotro-
phic and low-temperature incubation (14). Recently, it was found that Castellaniella sp.
strain SPC4 exhibited a highly efficient capability of degrading 3,39,4,49-tetrachlorobi-
phenyl (PCB 77) after recovery from the VBNC state (9). Besides SPC4, other strains
resuscitated by resuscitation-promoting factors (Rpfs) were the main functional popu-
lations contributing to the accelerated biodegradation of Aroclor 1242 (15). Murugan
and Vasudevan (16) also suggested that VBNC bacteria played an important role in bio-
degradation and in situ bioremediation of polychlorinated biphenyls (PCBs). Similarly,
Fida et al. (10) found that bioaugmentation with polycyclic aromatic hydrocarbon
(PAH)-degrading Novosphingobium sp. strain LH128 in PAH-contaminated sites was
less efficient compared to the lab results, which was attributed to the VBNC-like state
of strain LH128 under unfavorable environmental conditions. A similar observation
was previously reported by Elvang et al. (17) where 4-chlorophenol (4-CP)-degrading
strain Arthrobacter chlorophenolicus A6 entered into the VBNC state after inoculation in
4-CP-contaminated soil. Wine yeast strains, Brettanomyces bruxellensis, could enter the
VBNC state after sulfite treatment or after being exposed to sulfur dioxide (18, 19).
Notably, to date, no information is available regarding the VBNC state of pollutant-
degrading fungi. Therefore, it is of interest to investigate whether a pollutant-degrad-
ing yeast strain would enter the VBNC state under adverse conditions.

Phenol is one of the most common hazardous and carcinogenic compounds, posing
serious ecological risks and harmful effects on human health (11, 20). It is well accepted
that microbial degradation is a green and efficient technology for phenol elimination (11,
21, 22). Besides bacteria, several yeasts of the genera Candida, Rhodotorula, Aureobasidium,
Rhodosporidium, Debaryomyces, Trichosporon, and Cryptococcus have been identified as
phenol-degrading microorganisms (20–24). In contrast to other genera, yeast species in
the genus Candida exhibited a higher capability for phenol degradation under a near-neu-
tral pH environment (23). Basak et al. (24) found that the yeast strain Candida tropicalis
PHB5 almost completely degraded 2,400mg/liter phenol within 48 h. Jiang et al. (25) also
demonstrated that strain JS3 belonging to the genus Candida could degrade phenol at a
high efficiency. Indeed, in situ bioaugmentation with phenol-degrading yeast Candida spe-
cies could accelerate phenol degradation in the biological treatment of complex phenolic
wastewater. However, similar to the VBNC state of pollutant-degrading bacteria (10, 14),
the VBNC state of phenol-degrading yeast Candida species should be examined before
inoculation in phenol-contaminated environments.

Several methods have been developed to examine the existence of the VBNC state
in microorganisms, which involve checking the changes in morphology, enzymatic ac-
tivity, and gene expression as well as protein identification (2, 6, 26). VBNC cells gener-
ally have morphological and metabolic modifications, such as shrinking in size and
decreasing in respiration rate (5, 8). Remarkably, expression of the rpoS and relA genes
is significantly increased in VBNC cells in comparison with normal cells (6, 27). Recently,
Illumina high-throughput RNA sequencing (RNA-seq) was employed to evaluate
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differential gene expression between VBNC and normal cells and revealed many up-
and downregulated genes related to the formation of the VBNC state (14). In addition
to characterizing VBNC cells, reversion from the VBNC state to a culturable state under
favorable conditions should be examined (4, 5). Besides the removal of stressful factors,
the addition of signaling compounds, such as Rpfs, is commonly used for the recovery
of culturability of VBNC cells (7, 21, 28). In contrast to bacteria, the characteristics and
genetic mechanisms of VBNC state formation in yeast cells have received much less
attention, not to mention the VBNC state of phenol-degrading yeast Candida species.

Therefore, the present study was conducted to test the hypothesis that a high con-
centration of phenol could induce the VBNC state of a phenol-degrading yeast strain.
The specific objectives of the study were (i) to determine whether a high phenol con-
centration can induce yeast Candida strain LN1 into the VBNC state, (ii) to investigate
whether VBNC cells can be resuscitated and whether the phenol-degrading capability
of resuscitated cells can be retained, and (iii) to reveal the shifts in morphological,
physiological, and molecular characteristics of VBNC cells of Candida sp. LN1 compared
to normal cells.

RESULTS AND DISCUSSION
Whole-genome sequencing of strain LN1. The information and quality scores of

Illumina whole-genome sequencing of LN1 suggest high quality of the obtained
sequencing data (Table S1 in the supplemental material). The sequences were depicted
as circles in taxon-annotated GC coverage plots (BlobPlots), indicating the taxonomic
annotation of LN1 as the genus Candida (Fig. S1). To further analyze the taxonomy of
the strain LN1, a maximum-likelihood species tree based on genome sequences was
constructed (Fig. S2). The results also demonstrate that the highest-scoring taxonomy
was the genus Candida in the family Debaryomycetaceae. It lies in a subclade with C.
tropicalis MYA-3404 and is also closely related to three other strains C. viswanathii
ATCC 20962, C. maltosa Xu316, and C. albicans SC5314. Although strains LN1 and MYA-
3404 belonged to the same subclade, the difference between the two strains was
found based on genome characteristics (Table S2). Therefore, LN1 cannot be identified
at the species level without comparative analysis of morphological, cultural, physiolog-
ical, and biochemical characteristics. The gene catA, coding for the aromatic ring cleav-
age enzyme catechol 1,2-dioxygenase (EC 1.13.11.1), was found in benzoate (Fig. S3),
fluorobenzoate (Fig. S4), toluene (Fig. S5), and chlorocyclohexane and chlorobenzene
(Fig. S6) degradation pathways of LN1. These results clearly show that Candida sp. LN1
possessed the degradation potential for aromatic compounds, which is consistent with
the high-efficiency phenol-degrading strains in the genus Candida (24, 29).

Phenol-degrading capability of strain LN1. The phenol degradation efficiency and
cell growth (optical density at 600 nm [OD600]) were investigated under various phenol
concentrations to reveal the phenol tolerance of strain LN1. As shown in Fig. 1A, rapid
degradation was observed at a phenol concentration of 1,000mg/liter, and degradation
was almost completed at 24 h. At higher phenol concentrations (.4,000mg/liter), no
significant degradation (efficiency of,5%) was observed, whereas cell growth was
detected except at 7,000mg/liter phenol (OD600 of ,0.01). The OD-biomass linear cali-
bration curve (Fig. S7) also verified no cell growth at 7,000mg/liter of phenol. Therefore,
the phenol concentration of 6,000mg/liter was selected to examine the rapid decrease
in cell activity of LN1 under phenol stress. Changes in phenol degradation efficiency, cell
growth, and culturable cell numbers at 6,000mg/liter phenol are illustrated in Fig. 1B.
Phenol degradation efficiency reached 6.8% within 12 h, and no significant change was
observed from 12 h to 72 h. Meanwhile, the OD600 value decreased rapidly within 12 h,
and then gradually decreased from 0.12 to 0.01 with increasing incubation time from 12
h to 72 h. The culturable cell numbers sharply declined from 1.48� 107 CFU/ml to
7.24� 102 CFU/ml within 12 h and to an undetectable CFU level from 24 h to 72 h. The
results demonstrate that strain LN1 could efficiently degrade phenol at the initial phenol
concentration of 1,000mg/liter, whereas cell activity was inhibited under higher phenol
concentrations. Especially, after 24 h of incubation in mineral salt medium (MSM)
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containing 6,000mg/liter phenol, the strain exhibited a loss of culturability, while phenol
degradation and cell viability were still detectable.

In general, phenol at high concentrations caused strong toxicity in live microbial cells,
leading to a dramatic decrease in degradation activity and CFU numbers. Shahryari et al.
(30) reported that phenol-induced damages were found in Acinetobacter sp. strain SA01
when exposed to phenol at concentrations higher than 2,000mg/liter. Yang and Lee (31)
found that growth and activity of Brevibacillus sp. strain P-6 were completely inhibited
when the phenol concentration was higher than 600mg/liter. Similarly, inhibitory effects
of phenol on yeast cells were also well reported. Su et al. (23) suggested that yeast strain
Rhodotorula sp. ZM1 lost its phenol-degrading activity at a phenol concentration of
1,500mg/liter. Jiang et al. (20) reported that 1,300mg/liter of phenol significantly inhib-
ited the growth of phenol-degrading strain Debaryomyces sp. JS4. Unsurprisingly, if the
initial concentration of phenol was higher than the tolerance threshold of a strain, the
cells become inactive or even die (32). Investigation into the state of a phenol-degrading
strain under phenol stress is important to evaluate its performance in bioremediation of
phenol-contaminated sites.

Evidence of strain LN1 entering into the VBNC state. At a phenol concentration of
6,000mg/liter, the total, viable, and culturable numbers of LN1 cells are illustrated in
Fig. 2A. The number of culturable cells declined sharply after 10 h and was undetectable at
14 h. The number of viable cells declined similarly but at a lower rate and reached
1.26� 104 cells/ml at 14 h. The results suggest that most of the viable cells entered into the
VBNC state to live longer under phenol stress. To prove this, resuscitation of VBNC cells was

FIG 1 Phenol degradation and cell growth of the strain LN1. Values are means from triplicate experiments,
and error bars represent standard deviations calculated from three independent experiments. (A) Strain LN1
was incubated in mineral salt medium (MSM) with different phenol concentrations ranging from 1,000 to
7,000mg/liter, and the residual phenol concentration and OD600 values were measured at 24 h and 48 h,
respectively. (B) Strain LN1 was incubated in MSM with 6,000mg/liter phenol, and the phenol concentration,
OD600 values, and culturable cell numbers were monitored every 12 h within 72 h.
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examined by incubating them in LB. As illustrated in Fig. 2B, the culturable count of resusci-
tated cells remained almost undetectable during the first 12 h but reached approximately
2.79� 105 CFU/ml at 15 h and further to 1.38� 109 CFU/ml at 24 h. For normal cells, the
culturable counts increased from 5.89� 104 CFU/ml at 3 h to 1.07� 1010 CFU/ml at 15 h

FIG 2 Evidence for entry of Candida sp. strain LN1 into the VBNC state. Values are averages from three
replicate cultures, and error bars represent standard deviations calculated from three independent
experiments. (A) Total, viable, and culturable cell counts after treatment with 6,000mg/liter phenol. (B)
Resuscitation of the VBNC cells of LN1 in a nutrient-rich environment, and comparison of the
culturability of resuscitated and normal cells. (C) Comparison of the cell growth and the phenol-
degrading capability of resuscitated and normal cells at 1,000mg/liter phenol. Statistically significant
differences (P , 0.05) between resuscitated cells and normal cells for phenol degradation are indicated
by an asterisk (*).
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and remained unchanged thereafter (15 to 24 h). The difference between the culturability
of resuscitated and normal cells indicates that the culturable count of resuscitated cells was
attributed to their multiplication rather than the regrowth of surviving culturable cells, thus
confirming that VBNC cells could be resuscitated after 12 h of incubation in LB. In addition,
the phenol-degrading capability and cell growth of resuscitated and normal cells were
compared. As shown in Fig. 2C, the phenol degradation efficiencies of resuscitated cells
observed at 6 h and 12 h are significantly (P , 0.05) lower than those of normal cells.
However, with the increase in incubation time, no significant differences could be observed
between resuscitated cells and normal cells. A similar trend was observed in cell growth,
which showed slightly lower values in resuscitated cells than in normal cells before the sta-
tionary phase. It should be noted that the performance of resuscitated cells and normal
cells was basically the same after reaching the stationary phase. Therefore, it is worth resus-
citating these VBNC cells to recover their functions for effective bioremediation of polluted
environments.

Indeed, many adverse conditions mainly alter the culturable state of strains rather
than killing them. Fu et al. (33) found that the counts of culturable Escherichia coli in
sewage sludge decreased to undetectable levels after anaerobic digestion and then
quickly increased by two to four orders of magnitude after dewatering. Studies also
investigated the VBNC progress of cells in different growth phases and found that sta-
tionary-phase cells entered into the VBNC state slower than exponential-phase cells
(34, 35). Although this phenomenon has only been observed in bacteria until now, it
may also apply to yeast. Further studies should be performed to check the impact of
different growth phases of LN1 on induction of the VBNC state. For yeasts, several
studies have shown that the entry into and exit from the VBNC state had an important
effect on fermentation and the preservation of food (18, 26, 36). However, little atten-
tion has been given to the VBNC state of yeast strains in polluted environments. This
study verified that a yeast Candida strain entered into the VBNC state under phenol
stress, and the phenol-degrading ability could be recovered by removal of the stress.
More research will most likely discover more VBNC yeast strains as highly efficient pol-
lutant degraders.

Morphological and physiological characteristics of VBNC cells. Differences in
morphological characteristics of normal (0 h), treated (7 h), and VBNC (14 h) cells are
shown in Fig. 3. Red fluorescence intensity became greater with the increase in treat-
ment time (Fig. 3A to C), indicating serious cell membrane damage under phenol
stress. In addition, significant dwarfing and surface damage were observed after

FIG 3 Morphological characteristics of Candida sp. strain LN1 under a fluorescence microscope (A to
C) and scanning electron microscopy (D to F). Strain LN1 was incubated in MSM with 6,000mg/liter
phenol, and the morphological changes were observed at 0 h (normal cells; A and D), 7 h (treated
cells; B and E), and 14 h (VBNC cells; C and F). Green and red circles in images indicate cellular
integrity and surface damage, respectively.
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entering the VBNC state (Fig. 3D to F, oval). The average length of normal cells was
3.34mm, whereas it was reduced to 1.53mm after 14 h of incubation at 6,000mg/liter
phenol (Fig. S8). The results were consistent with previous studies, which also demon-
strated the significant dwarfing of VBNC cells (6, 14, 26). For example, Serpaggi et al.
(26) indicated that the yeast cells of Brettanomyces cells in the VBNC state were remark-
ably smaller (22% decrease in size) than normal cells. Chen et al. (6) found that the
length of E. coli cells changed from 1.2mm to between 1.06 and 1.15mm after entering
the VBNC state.

In addition to morphological changes, physiological changes of VBNC cells compared
to normal cells were determined using confocal Raman microspectroscopy and Fourier
transform infrared (FT-IR) spectroscopy. For the Raman spectrum of VBNC cells, there are
three dominant bands at 1,338 cm21, 1,575 cm21, and 2,935 cm21, while more bands at
1,125 cm21, 1,445 cm21, and 1,665 cm21 emerged on the spectrum of normal cells
(Fig. 4A). A similar band intensity was shown on the spectra of both VBNC and normal
cells at 1,338 cm21, representing cyclic AMP, GMP, and the aromatic amino acids (tyro-
sine and tryptophan) (Table S3) (37). The band at 1,575 cm21, representing the ring
stretching vibrations of guanine and adenine (38), was more pronounced in the spec-
trum of VBNC cells, whereas the band at 2,935 cm21, representing the stretching vibra-
tions of CH2 and CH3 (38), was more pronounced in the spectrum of normal cells.
However, the FT-IR spectra in Fig. 4B clearly show that more peaks emerged on the spec-
trum of VBNC cells. The new peaks were found around 2,955 cm21 (due to asymmetric
stretching vibration of the methyl group), 1,539 cm21 (associated with amide I and II

FIG 4 Raman and FI-IR spectra of normal and VBNC cells of Candida sp. strain LN1. (A) Raman spectra
of single cells. Twenty-one cells were randomly selected in each sample. The spectrum of each group
is the mean for the 63 single cells, which were collected from triplicate experiments. (B) FI-IR spectra
of normal and VBNC cells. The spectra are means from triplicate experiments.
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vibrations of structural proteins), and 1,044 cm21 (related to nucleic acids) (19, 39). The
absorption bands observed in the 1,200 to 900 cm21 region were assigned to carbohy-
drates and polysaccharides in the cell wall (39). These changes are thought to be indica-
tors of the VBNC state of Candida sp. strain LN1. Further research is needed to gain a
deeper understanding of the variability of morphological and physiological traits among
VBNC Candida strains.

Gene expression shifts underlying the VBNC state. (i) Illumina high-throughput
transcriptome sequencing. To identify genes responsible for phenol-induced stress, the
transcriptional profiles of genes in normal and VBNC cells were investigated. The informa-
tion and quality scores of Illumina high-throughput RNA-seq are shown in Table S4. Both
the Q20 and Q30 values were higher than 92%, indicating the high quality of the RNA-seq
data. In total, 6,504 genes were expressed in both control groups (CGs) and treatment
groups (TGs), of which 1,128 genes were differentially expressed between CGs and TGs.
Among these differentially expressed genes (DEGs), 593 and 535 were up- and downregu-
lated, respectively, under phenol stress (Fig. S9). To analyze the functions of those DEGS,
Gene Ontology (GO) enrichment analysis was performed on the up- and downregulated
genes, respectively. As shown in Fig. 5, the upregulated genes were involved in all three
main GO categories, such as biological process, molecular function, and cellular compo-
nent, among which “regulation of transcription from RNA polymerase” (6/11, 54.4%), “RNA
polymerase II transcription coactivator activity” (5/11, 45.5%), and “RNA polymerase I core

FIG 5 GO enrichment of up- or downregulated genes. %, the ratio of up- or downregulated gene
numbers to the total gene numbers in each category.
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factor complex” (2/4, 50%) were prominent terms, respectively. The downregulated genes
were mainly enriched in the category of biological process, including “glucose metabolic
process” (14/42, 33.3%), “organic acid biosynthetic process” (52/203, 25.6%), “oxidoreduc-
tion coenzyme metabolic process” (16/79, 20.3%), and “oxidative phosphorylation” (5/27,
18.5%). In the molecular function category, the downregulated genes were mainly
enriched in “peroxidase activity” (6/24, 25%), “NADH dehydrogenase activity” (1/6, 16.7%),
“oxidoreductase activity” (54/320, 16.9%), and “catalytic activity” (219/1909, 11.5%).
Meanwhile, “respiratory chain” (8/31, 25.8%) and “peroxisomal part” (11/46, 23.9%) were
dominant in the cellular component category.

In comparison with CGs, 31 genes in TGs were upregulated with expression ratios of at
least 16-fold and 98 genes with expression ratios of at least 8-fold (Table S5). Meanwhile,
only 15 and 50 genes in TGs were downregulated with expression ratios of at least 16 and
8, respectively (Table S6). The 98 upregulated and 50 downregulated genes (red and green
lines) with 65 KEGG orthology identifiers (KO IDs) were submitted via the online interactive
pathways explorer (iPath) v3 and mapped to 154 pathways (Fig. S10). The mapped path-
ways of the downregulated genes were mainly related to carbohydrate and energy metab-
olism. The results of KEGG enrichment analysis (Table S7) further show that the ratios of
downregulated gene numbers involved in the categories of glycolysis, peroxisome, citrate
cycle, ABC transporters, other glycan degradation, and starch and sucrose metabolism
were all higher than 90%. Moreover, all genes involved in xenobiotic (atrazine, PAH, benzo-
ate, and aromatic compounds) degradation were downregulated. Although most DEGs
involved in amino acid metabolism were downregulated (Table S8), a number of DEGs
with expression ratios of at least 8-fold were upregulated in six KEGG categories (“alanine,
aspartate and glutamate metabolism,” “glycine, serine and threonine metabolism,” “argi-
nine biosynthesis, tyrosine metabolism,” “phenylalanine metabolism,” and “cyanoamino
acid metabolism”) (Table S9). Similarly, downregulation of most DEGs was found in the cat-
egory “DNA replication and repair” (Table S10); however, the DEGs with expression ratios
of at least 8-fold were all upregulated in categories “DNA replication,” “base excision
repair,” “mismatch repair,” “homologous recombination,” and “nonhomologous end-join-
ing” (Table S11).

(ii) Verification of the RNA-seq results by reverse transcription quantitative
PCR analysis. To verify the accuracy of the detected DEGs by RNA-seq, 20 genes
related to carbohydrate and energy metabolism, oxidative stress response, amino acid
metabolism, and DNA replication and repair were selected. The reverse transcription
quantitative PCR (RT-qPCR) results were consistent with the RNA-seq data (Table S12),
and the value of the Pearson correlation coefficient was 0.968 (P , 0.0001) (Fig. S11).
Based on the combination of the RNA-seq and RT-qPCR results, a working model
revealing the main genes and pathways involved in the formation of the VBNC state in
Candida sp. strain LN1 under phenol stress was proposed (Fig. 6). The downregulated
genes in the working model are associated with glycolysis, the tricarboxylic acid (TCA)
cycle, oxidative phosphorylation, degradation of aromatic compounds and benzoate,
NADH-ubiquinone oxidoreductase, and peroxidases, whereas the upregulated genes
were involved in RNA polymerase, alanine, aspartate and glutamate metabolism, argi-
nine and proline metabolism, DNA replication and repair, cell wall biogenesis, and mul-
tidrug resistance protein. Repression of the genes related to the oxidative stress
response, xenobiotic degradation, and carbohydrate and energy metabolism appears
to be an important characteristic of the transition to the VBNC state. Induction of some
genes related to RNA polymerase, amino acid metabolism, and DNA replication and
repair could be essential for LN1 to maintain survival in response to phenol-induced
stress. In order to comprehensively elucidate the molecular mechanisms underlying
the formation of VBNC cells, further studies are needed to investigate the VBNC state
of LN1 under other stress conditions and the underlying mechanisms.

Although RNA-seq-based transcriptomics have already been applied to analyze
VBNC bacteria (14, 34), few studies have investigated the molecular characteristics of
VBNC yeast strains. The first transcriptomic analysis investigating the VBNC state in a
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yeast strain was reported by Capozzi et al. (36), who found that the genes involved in
the oxidative stress response were downregulated with the induction of the VBNC
state. Similarly, Serpaggi et al. (26) demonstrated that proteins related to redox poten-
tials were significantly modified after entry into the VBNC state. These findings suggest
that induction of the VBNC state in eukaryotic microorganisms involves an oxidative
stress response, which is consistent with biological changes occurring in the VBNC
state of prokaryotes (14, 40). Meanwhile, it has been reported that several genes in
yeasts involved in carbohydrate and energy metabolism were downregulated during
the VBNC phase and then upregulated during the recovery phase (36). Similar results
have also been widely reported in bacterial species (41). This is not unexpected as little
energy is required for basic metabolic activity of VBNC cells (6). However, it should be
noted that the changes in carbohydrate and energy metabolism varied depending on
different stress conditions and microbial species. For instance, Park and Hwang (42)
found that the genes involved in carbohydrate metabolism in the VBNC state of
Saccharomyces cerevisiae were upregulated. Postnikova et al. (43) reported that the
genes related to carbohydrate and energy metabolism were upregulated when
Pseudomonas syringae was induced to the VBNC state by acetosyringone treatment.
The upregulation of genes related to RNA polymerase, amino acid metabolism, and

FIG 6 A working model demonstrating the main genes and pathways involved in entry into the VBNC state of Candida sp. strain LN1. Regulation of genes
underlying the formation of the VBNC state can be divided into categories “carbohydrate metabolism” (A), “energy metabolism” (B), “xenobiotics degradation” (C),
“RNA polymerase” (D), “amino acid metabolism” (E), “DNA replication and repair” (F), “oxidative stress response” (G), and others (H). The downregulated genes are
indicated in green, whereas the upregulated genes are shown in red. Most genes involved in glycolysis, the TCA cycle, oxidative phosphorylation, degradation of
aromatic compounds and benzoate, NADH-ubiquinone oxidoreductase, and peroxidase were downregulated, except for the genes LN1_1508 and LN1_5322. Some
genes related to RNA polymerase, alanine, aspartate and glutamate metabolism, arginine and proline metabolism, DNA replication and repair, cell wall biogenesis,
and multidrug resistance protein are upregulated. *, genes were verified by RT-qPCR analysis.
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DNA replication and repair were also reported in previous studies (43). For example,
several known proteins, including RNA polymerase sigma S (RpoS), polyphosphate ki-
nase 1 (PPK1), cyclic AMP receptor protein (cAMP-CRP), etc., have been reported to
play significant roles in VBNC state formation (41). Postnikova et al. (43) found that
many genes involved in amino acid metabolism were upregulated and attributed this
to the fact that control of biosynthesis and degradation of amino acids were necessary
for the transition to the VBNC state. Meng et al. (44) reported that 15 genes belonging
to DNA replication, recombination, and repair, were significantly upregulated in the
VBNC state compared with in the log phase. Upregulation of genes in the category
“DNA replication and repair,” which relates to the DNA repair process, indicated the
ability to retain oxidative DNA damage in VBNC cells (43). It is worth noting that the
exact molecular mechanism underlying the VBNC state differs from species to species.
Therefore, transcriptomic analyses of more pollutant-degrading yeast strains need to
be performed to identify genes involved in VBNC phenomena in future work.

In conclusion, the occurrence of the VBNC state in the phenol-degrading strain
Candida sp. LN1 was confirmed. Compared to normal cells, the VBNC cells presented
morphological, physiological, and molecular alterations. Massive regulation of gene
expression was found in the VBNC state, which contributes to the survival maintenance
of LN1 in response to phenol-induced stress. It is worth noting that the phenol-degrad-
ing capability can be restored by exiting from the VBNC state. Despite the evidence and
models proposed thus far, not much is known about how pollutant degraders enter into
and exit from the VBNC state as well as their potential environmental functions. Here, a
working model depicting the fate of pollutant-degrading strains in contaminated envi-
ronments was proposed (Fig. 7). In this model, strains that enter the VBNC state under
stressful conditions, as well as strains that do not enter the VBNC state but have reduced
activity, can be resuscitated to restore their degradation performance. The model sug-
gests that the VBNC state should be taken into account in the bioremediation process,
as bioremediation performance depends on the survival status of functional strains.
More work is needed to determine and resuscitate the VBNC state of pollutant degraders
under stressful conditions, which will help fill in some gaps in developing a more effec-
tive way to enhance bioremediation.

MATERIALS ANDMETHODS
Isolation of strain LN1 and its phenol-degrading capability. The yeast strain LN1 was isolated

from activated sludge that was collected from a wastewater treatment tank of a textile factory (Jinhua,
Zhejiang, China). In brief, sludge samples were inoculated in a mineral salt medium (MSM) containing
(pH= 7.3) 0.1 g/liter (NH4)2SO4, 0.01 g/liter FeCl3, 2 g/liter KH2PO4, and 1.3 g/liter Na2HPO4 in which
200mg/liter phenol was added as the sole carbon source. After incubation at 30°C and 130 rpm for 48 h,
the culture was transferred (5% vol/vol) to and incubated in the fresh MSM containing phenol at 500,
1,000, and 1,500mg/liter sequentially (stages 2 to 4). Subsequently, the enriched culture was 10-fold
serially diluted and plated on MSM agar sprayed with phenol. Finally, strain LN1 showing the highest
phenol-degrading capability was selected for further experiments. The cells of LN1 were collected by
centrifugation (7,104 � g, 15min) and resuspended in sterile NaCl (0.9% wt/vol) solution with an OD600

of 1.0. The cell suspension was inoculated (5% vol/vol) into MSM with different phenol concentrations
ranging from 1,000 to 7,000mg/liter at an increment of 1,000mg/liter. Residual phenol concentration
and cell growth were measured at 24 and 48 h, respectively, as described by Su et al. (23). A calibration
curve was constructed to correlate OD600 with the biomass concentration (23). Moreover, at a phenol
concentration of 6,000mg/liter, the changes of residual phenol concentration, cell growth, and cultura-
ble cell numbers were monitored every 12 h for 72 h. Uninoculated medium blanks with different phe-
nol concentrations were incubated in parallel as negative controls. The phenol degradation efficiency
was calculated using the formula of ([Cn 2 Cs]/C0)� 100%, where C0 is the initial concentration of phenol,
and Cn and Cs are the residual concentrations of phenol in the negative control and inoculated culture,
respectively.

Whole-genome sequencing of the phenol-degrading strain LN1. Whole-genome sequencing of
strain LN1 was conducted as described by Su et al. (23). In brief, genomic DNA was extracted using the
plant genomic DNA kit (Tiangen) according to the manufacturer’s instructions. At least 3mg of genomic
DNA was used for sequencing library construction by the KAPA Hyper prep kit (Roche). Paired-end libra-
ries with insert sizes of ;400 bp were prepared. Purified DNA library was sheared into smaller fragments
by Covaris, and blunt ends were generated using T4 DNA polymerase. The purified DNA fragments were
amplified by PCR. Finally, the qualified library was paired-end sequenced (2� 150bp) on an Illumina
NovaSeq 6000 platform.
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After filtering the low-quality reads using Trimmomatic (45), the corrected reads were used for ge-
nome assembly by Megahit (version 1.2.7). Gene prediction was performed with BRAKER (version 2.1.2).
The final protein-coding genes were constructed based on the combined results of GeneMark-ES/ET and
AUGUSTUS (46). The RNA-seq data from normal and VBNC cells were used as hints for gene prediction,
and HISAT2 (47) was used to align the RNA-seq reads to the assembled genome. The rRNA and tRNA
were predicted with RNAmmer and tRNAscan-SE, respectively (23). The orthologous groups were found
using OrthoFinder (version 2.7.0), then the phylogenetic tree was constructed in each orthologous
group. Finally, the maximum-likelihood species tree based on genome sequences was created (23).

Induction of the VBNC state under phenol stress. The yeast strain LN1 was incubated in LB broth
on a rotary shaker (130 rpm, 30°C) for 24 h. The CFU/ml of the culture was counted by plating it on LB agar
at an interval of 3 h. The logarithmic-phase cells were collected by centrifuging (7,104 � g, 15min) and
washing twice with sterile NaCl (0.9% wt/vol) solution, resuspended at a final concentration of 107 CFU/ml
in sterile MSM with 6,000mg/liter phenol or sterile NaCl (control group [CG]), and finally incubated at 30°C
on a rotary shaker (130 rpm). All experiments were performed in triplicate. The total, viable, and culturable
numbers of yeast cells were assessed at 2-h intervals until the culturable cell number decreased to an
undetectable level. For checking cell culturability, the cultures were serially diluted, evenly plated on LB
plates, and incubated at 30°C for 24 h before CFU numbers were counted. The viable cells were deter-
mined by staining with carboxyfluorescein diacetate (cFDA) and propidium iodide (PI) (48). Briefly, the cells
were stained with cFDA (50mM) at 37°C for 15min and PI (50mM) at 4°C for 10min, sequentially. The
excess dyes were removed via washing cells twice with sterile NaCl (0.9% wt/vol) solution at the end of
each staining phase. The stained cells were quantified using flow cytometry (Cyflow Space, Partec,
Münster, Germany) with an excitation wavelength of 488nm and an emission wavelength of 525 nm and
620nm, respectively, for the green and red fluorescence (48).

Resuscitation analysis. The VBNC cells (0 CFU/ml) of LN1 were centrifuged, washed twice, and resus-
pended in the same volume of sterile NaCl solution (treatment group [TG]). Then, this cell suspension was
added to an equal volume of sterile LB broth and incubated at 150 rpm and 30°C for 24 h. To exclude the
regrowth of undetectable culturable cells, the normal cells with an approximately initial concentration of
0 CFU/ml were incubated in LB broth for 24 h under the same condition. The culturability of resuscitated
and normal cells was assessed at 3-h intervals by plating them on LB agar plates as described above.

FIG 7 A working model depicting the fate of pollutant-degrading strains in contaminated environments.
The same color indicates the same strain. (A) Strains with pollutant-degrading capabilities. (B) Pollutant-
contaminated environments. (C) Stressful conditions. (D) Strains in the VBNC state. (E) Removal of stressful
conditions. (F) Addition of signaling compounds. Strains with pollutant-degrading capabilities are divided
into five categories: strains enter into the VBNC state under stressful conditions and can be resuscitated
by the removal of stresses (1, strains with green color) or by the addition of signaling compounds (2,
strains with red color), strains maintain highly efficient pollutant-degrading capabilities under stressful
conditions (3, strains with blue color), strains exhibit reduced pollutant-degrading activity under stressful
conditions and can be restored by resuscitation (4, strains with purple color), and strains die under
stressful conditions and cannot be reversed by resuscitation (5, strains with yellow color).
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Finally, the suspension (OD600 = 1.0) of resuscitated and normal cells was individually inoculated (5% vol/
vol) into MSM with 1,000mg/liter phenol and incubated for 30 h. Residual phenol concentrations and cell
growth were measured at 6-h intervals to compare the phenol-degrading capability and cell growth of
resuscitated and normal cells. Statistical significance (P , 0.05) between the resuscitated cells and normal
cells was determined by one-way analysis of variance (ANOVA).

Morphological and physiological characteristics of VBNC cells. (i) Morphological observations
and intact membrane identification. Morphology changes of LN1 by the treatment of 6,000mg/liter
phenol were observed at 0 h (normal cells), 7 h (treated cells), and 14 h (VBNC cells). The normal, treated,
and VBNC cells were washed in 0.9% NaCl solution, fixed in glutaraldehyde solution, and further dehy-
drated. After lyophilization and coating with gold palladium, the samples were observed by scanning
electron microscopy (SEM; Hitachi S-4800, Japan). To identify intact membranes, the cells were stained
with cFDA and PI as described above and were visualized with a fluorescence microscope (BX43F,
Olympus, Japan).

(ii) Determination of cell activity using confocal Raman microspectroscopy and FT-IR spectros-
copy. Normal and VBNC cells were collected and washed three times with 0.9% NaCl solution and then
spotted on aluminum-coated slides. The spectra of single cells were obtained using a Raman microscope
(Invia Reflex, Renishaw, UK) in the wavelength range of 300 to 3,300 cm21 (6). Sixty-three single cells in
each group were measured to produce a mean Raman spectrum. Meanwhile, the FT-IR absorption spec-
tra were recorded at a scanning range between 500 cm21 and 3,500 cm21 on a Nicolet Nexus 670 FT-IR
spectrometer (Thermo Nicolet, USA) with a resolution of 4 cm21 and an average of 64 scans (37). The
spectra are means from triplicate experiments.

Molecular analysis of the VBNC cells of yeast strain LN1. (i) Illumina high-throughput transcrip-
tome sequencing. Total RNA from normal and VBNC cells was extracted using the TRIzol-based proce-
dure as described by Meng and Feldman (49). Purity and quality of the extracted RNA were assessed
using the NanoPhotometer spectrophotometer (IMPLEN, CA, USA) and the RNA Nano 6000 assay kit of
the Bioanalyzer 2100 system (Agilent Technologies, CA, USA), respectively. The RNA samples were sent
to Novogene (Beijing, China) for transcriptome sequencing. Briefly, at least 3mg of high-quality RNA of
each sample was used as the template for cDNA library construction using an NEBNext Ultra RNA library
prep kit for Illumina (NEB, USA). Suitable cDNA fragments (250 to 300 bp) were filtered out with the
AMPure XP system (Beckman Coulter, Beverly, MA, USA) and then amplified with PCR. After cluster gen-
eration, the prepared libraries were sequenced on an Illumina NovaSeq platform with a paired-end read
length of 2� 150bp. All experiments were performed in triplicate. High-quality clean reads were
obtained by removing low-quality, duplicated, and adaptor sequences of the raw reads. RSeQC software
was then used for RNA-seq quality control. To identify differentially expressed genes (DEGs) between
normal and VBNC cells of LN1, the expression level of each gene in the unit of transcripts per million
(TPM) was calculated using Salmon (50), and differential expression was analyzed with the DESeq2 algo-
rithm using the criteria of a log2jfold changej of $1 and a false discovery rate (FDR) of#0.05. DEG
enrichment analysis for Gene Ontology (GO) and KEGG was performed with GOseq (51).

(ii) RT-qPCR. High-quality mRNAs from normal and VBNC cells were transcribed to cDNAs using
SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer’s protocol for RT-qPCR
analysis. The qPCR was performed in triplicate with the cDNA as the template using gene-specific pri-
mers (Table 1) and a Power SYBR green PCR master mix kit (ABI, USA). The qPCRs were conducted on
the LightCycler 96 real-time PCR system (Dice TP 600, TaKaRa, Japan) using the following parameters:
denaturation for 10min at 95°C, followed by 35 cycles of 15 s at 95°C, 30 s at 58°C, and 30 s at 72°C. For

TABLE 1 qPCR primers used in this study

Gene ID Primer-F Primer-R
LN1_5322.t TGAACAACGGCGGTGGTAAGC TGCCCAACCAGAACCTTGAATACC
LN1_4997.t AACCATCTGCTGATCCAGTCTTGC ACAGCTCCAGTAACCGGACAATTG
LN1_0659.t TCCAAAGCCACACTTGAAGAAAGA CAATTCTGAACTAGCTGATTCCAGTG
LN1_4655.t GCGGTAGAACAGCCACTGGTAAC GTTCTTCTCAGTCGGTGGGGTTTC
LN1_4623.t TGACTTGGGCACCGCTTTACAG ATCAGCCAACATCAATCCGACCTC
LN1_4135.t ATTGGTGGCGGTGAAGATGTGG AGGTTTCCCCTGTGTTGCTTCATC
LN1_5319.t TGGCCATATGCTGAAGCAAGA TCCTCACTGAACCCTTTGCC
LN1_1509.t CCAGGTGGTGGACAAGAAACTACC TACCAGCACCCCATGGAGAACC
LN1_5075.t ACGTTCTGTTCGTTCTCCAGT TCTCTTGAAAGTGGTGGAGCA
LN1_2055.t GTGGTGGTGATGGTGGTGTT CCTTGGTTCTTGGATCAGCGT
LN1_0066.t TACGGTCCATACTTCCCACCAGTC AACGGCACCCAACAAGTAACCAG
LN1_3077.t GCGTCTCAGAGATTCAGGGTCAAC TCACTTCAGCACCAACAGCCATG
LN1_1979.t TCACTTCTCGTTGGCAACCTTTGG CTCCCTTGTCAGGCATTTCACCAG
LN1_3339.t ATGGAGTCTTGGTGCTGTTTGTGG TCAGGAAGGGTGAATGCCAACATG
LN1_2724.t GTTTCCGTTGCTGGGTTTGG ACCAGGATCTAAACTTTCTTCCCA
LN1_4493.t CCGAAGAAGAAGCAGACGACGAG GCAGTGACAGCCGATGGTAGTTC
LN1_4412.t CTTGATGCACGTAGTCATAGTCCA ACTGTTGGTGCTGTTGTTGGT
LN1_0574.t TGGGCAATAAGCTGGAGATCA TGGGTGTTTCGTGATTGTGC
LN1_0905.t TGGTTTGACAGTTGGTGGATCT ACAACCACAACACCTTGGACA
LN1_2072.t TGCTGGTGCTCAAGGAAATCAAGG CAACAGGAACACCTTCTTGCATGG
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the melting curve analysis, one cycle was performed at 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s. The
normalized fold changes of the relative expression ratio were calculated using the threshold cycle
(22DDCT) method (9, 52).

Data availability. Raw data from the whole-genome sequencing were deposited in the Sequence
Read Archive (SRA) of NCBI under the accession number SRR10502243. All the raw transcriptome data
have been deposited in the SRA of NCBI under accession numbers SRR10524166 to SRR10524171. The
whole-genome shotgun project has been deposited at DDBJ/ENA/GenBank under the accession number
WUJJ00000000.
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