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of TNF-«, IL-6 and IL-1 was reduced when mice fed with high dose AHG (Figure 4D). These results
indicate that AHG attenuated spontaneous liver injury and inflammation caused by HFD.

Figure 4. Effects of AHG supplementation on liver injury and inflammation induced by HFD. C57BL/6]
mice were fed with HFD for 12 weeks and treated with low, medium and high doses (20, 50 and
100 mg/kg/day, respectively) of AHG for eight weeks. (A) Liver/body weight ratio; (B) The values
of ALT; (C) The values of AST; (D) The mRNA expression analysis of TNF-«, IL-6 and IL-1f3 were
measured by RT-PCR and normalized by Cyclophilin. Data are showed as mean + SD, n = 8; *p < 0.5,
*p < 0.1, **p < 0.01 vs. LED group, *p < 0.5, #p < 0.1, ##p < 0.01 vs. HFD group

2.4. AHG Suppressed Hepatic Gluconeogenesis in Fasting Mice Fed A High Fat Diet

Our previous study showed that AHG suppressed hepatic gluconeogenesis in insulin resistant
hepatocytes [24]. Next, we determined whether AHG affected hepatic gluconeogenesis in an insulin
resistant liver. As shown in Figure 5, the protein level and gene expression of gluconeogenesis
rate-limiting enzymes G6Pase and PEPCK were measured. In the livers, HFD significantly increased
the protein level of G6Pase and PEPCK by 50% and 20%, respectively, but the increased potential in
mice with the administration of high dose AHG was, respectively, 12% and 5%, with a significant
reduction compared to HFD mice (Figure 5A,B). The Q-PCR result showed the same trend. As a
positive control, metformin repressed the transcriptional and translational level of G6Pase and PEPCK
as reported in the literature [26]. This confirms that AHG suppressed hepatic gluconeogenesis in
insulin resistant mice fed with a HFD.
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Figure 5. Effects of AHG supplementation on gluconeogenesis in insulin resistant mice induced with
HFD. C57BL/6] mice were fed with HFD for 12 weeks and treated with low, medium and high doses
(20, 50 and 100 mg/kg/day, respectively) of AHG for eightweeks. (A) The protein levels of G6Pase and
PEPCK in livers were measured by Western blot. (B) Quantification of protein levels of G6Pase and
PEPCK was performed by Image ]. GAPDH as a control to normalize the expression of the protein.
Data are showed as mean + SD, n = 3; (C) Gene expression of G6Pase and PEPCK in livers were
quantified by RT-PCR. Data are shown as mean + SD, n = 4; *p < 0.5, *p < 0.1, **p < 0.01 vs. LFD
group, *p < 0.5, #p < 0.1, " p < 0.01 vs. HFD group.

2.5. AHG Improved Insulin Signaling Pathway in Liver of Mice Fed with HFD

To explore the effect of AHG on insulin signaling pathway in liver, mice were administered with or
without insulin by intraperitoneal injection 2 min before euthanasia. The protein level of major cascades
of insulin signaling pathway were assessed by Western Blot. HFD consumption suppressed the basal
and insulin-stimulated protein level of p-IRS1(S302) and p-Akt (T308), supplementation of AHG
resulted in a dose-dependent increase of IRS1 and Akt protein level in basal and insulin-stimulated state
(Figure 6A,B). Metformin also activated the insulin signaling cascade pathway, which was consistent
with the previously reported work [27]. The above results suggest that the observed alterations in
glucose metabolism caused by HFD are associated with an impaired IRS1/Akt pathway in liver, and
this effect is mitigated by AHG supplementation.
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Figure 6. Effects of AHG supplementation on insulin signaling pathway in the livers of insulin resistant
mice induced with HFD. C57BL/6] mice were fed with HFD for 12 weeks and treated with low, medium
and high doses (20, 50 and 100 mg/kg/day, respectively) of AHG for eight weeks. At the end of treatment,
mice were fasted for 12 h and intraperitoneally injected with either saline or insulin (20 units/kg).
(A) The protein expression of p-IRS (S302), IRS1, p-Akt (T308) and Akt were measured by Western
blot. (B) Quantification of p-IRS (5302)/IRS1 and p-Akt (T308)/Akt was performed by Image J. Data are
showed as mean + SD, n=3; *p < 0.5, **p < 0.1, **p < 0.01 vs. insulin untreated HFD group, *p < 0.5,
#p < 0.1, #*p < 0.01 vs. insulin treated HFD group.

2.6. AHG Activated AMPK in Liver of Mice Fed a High Fat Diet

AMPK and Akt are the two primary effectors in response to glucose metabolism [28].
AMPK maintains blood glucose levels and reduces hepatic gluconeogenesis gene expression-PEPCK
and Gé6Pase. It is currently unknown that whether AHG activates AMPK in the insulin resistant liver.
To address whether AMPK was involved in the effect of AHG on glucose homeostasis in liver, the
protein levels of phosphorylated AMPK and an AMPK substrate, acetyl-CoA carboxylase (ACC) were
measured. As illustrated in Figure 7, in the liver of insulin resistance mice induced by HFD, AHG
elevated the p-AMPK and p-ACC in a dose-dependent manner. Also, there was no difference in
activating AMPK between H-AHG and Metformin groups. These results state clearly that the possible
role of AHG on repressing hepatic gluconeogenesis via AMPK signaling pathway.
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Figure 7. Effects of AHG supplementation on AMPK signaling pathway in the livers of insulin resistant
mice induced with HFD. C57BL/6] mice were fed with HFD for 12 weeks and treated with low, medium
and high doses (20, 50 and 100 mg/kg/day, respectively) of AHG for eight weeks. (A) The protein
expression of p-ACC (579), ACC, p-AMPKu« (T172) and AMPK« were measured by Western blot.
(B) Quantification of p-ACC (579)/ACC and p-AMPK« (T172)/ AMPKawas performed by Image J.
Data are showed as mean + SD, n = 3;* p < 0.5, **p < 0.1, **p < 0.01 vs. LFD group, # p<0.5, # p<01,
### p < 0.01 vs. HFD group.
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3. Discussion

Having high nutritional and medicinal qualities, sea cucumber has been drawn notable attention [9].
There is culminating evidence that polysaccharides from sea cucumber have an effective anti-diabetic
activity [16,29-31]. In our previous study, AHG was shown to have a therapeutic effect on hepatic
glucose metabolism in vitro, however, there is no report target the effect of AHG on glucose metabolism
in vivo. In the current study, we provided evidence that AHG treatment significantly alleviated fasting
blood glucose and improved insulin resistance by suppressing gluconeogenesis in HFD-fed insulin
resistant mice. Also, AHG supplementation elevated IRS1/Akt activation and AMPK phosphorylation
in the liver of insulin resistant mice induced by HFD. All of these data suggest that AHG improved
glucose metabolism in vivo.

The liver plays a crucial role in organismic energy metabolism, especially glucose metabolism,
and dysfunction of the liver can result in acute metabolic abnormalities [32,33]. Due to the primary site
of insulin clearance, liver is associated with the development of insulin resistance. In insulin resistance,
the increased gluconeogenesis is the main mechanism involving in elevated blood glucose [34].
In the present study, the effect of AHG on gluconeogenesis was detected. HFD supplementation
significantly enlarged the gene expression and protein levels of G6Pase and PEPCK in the liver, and
that administration with high dose AHG remarkably inhibited this trend. These results implied that
AHG maintained glucose metabolism in the liver via suppressing gluconeogenesis.

Insulin is the crucial hormone regulating gluconeogenesis and insulin represses gluconeogenesis
by activating the insulin signaling pathway [35]. Insulin binds to insulin receptor and then activates
phosphorylation of insulin receptor substrate (p-IRS), followed by recruitment and phosphorylation of
Akt. These are key protein kinases involving in restraining gluconeogenesis related genes G6Pase and
PEPCK [36,37]. Therefore, the activation of insulin signaling pathway in liver may be a promising
strategy for improving insulin sensitivity. In the current study, HFD impaired the phosphorylation
of IRS1 and Akt induced by insulin in the liver. However, AHG supplementation alleviated these
alterations. Also, AHG improved insulin tolerance, glucose tolerance and alleviated serum insulin
content in HFD group mice, suggesting that AHG improved insulin sensitivity induced by HFD, these
provided insight into the anti-insulin resistance actions of AHG.

As an intracellular energy sensor, AMPK is another well-known suppressor of gluconeogenesis in
addition to insulin pathway and the suppression of AMPK accompanies insulin resistance [38]. Thus,
AMPK is considered as a potential target for diabetes prevention and insulin resistance treatment. So far,
cumulative research has reported that various natural products regulated glucose metabolism through
AMPK, such as epigallocatechin-3-gallate (EGCG) [39], ginsenoside Rgl [40], rosmarinic acid [41],
and astragalus polysaccharide [42]. To the best of our knowledge, it is barely published to target
the polysaccharide isolated from marine organism especially sea cucumber on the effect of glucose
metabolism through AMPK. Here, we explored how AHG activated AMPK in an insulin resistant liver
induced by HFD. Thus, one of the mechanisms of the effect of AHG on glucose homeostasis in insulin
resistance mice might be related to AMPK pathway.

Chronic inflammation plays a vital role in the process of liver injury induced by insulin resistance
and associated with disease risk [43]. It is reported that proinflammatory cytokines TNF-« and IL-6
produced by HFD were able to induce insulin resistance [44]. In inflammation, proinflammatory
cytokine is reported to activate various serine kinases such as c-Jun N-terminal kinase (JNK) [45], S6
kinase (S6K) [46], double-stranded RNA-dependent protein kinase mammalian [47], and inhibitor of
nuclear factor kappa-B kinase subunit 3 (IKKf) [48]. These serine kinases can alleviate the activation
of IRS1, resulting in the impairment of insulin receptor-mediated signaling and the occurrence of
insulin resistance. In our HFD-induced insulin resistant model, AHG attenuated HFD-induced liver
inflammation by inhibiting the expression of inflammatory genes. The anti-inflammatory effect of AHG
on the liver may be one potential explanation for the beneficial effects of AHG on insulin resistance.

The high molecular weight is thought to be the main factor that suppress the transepithelial
transport of glycosaminoglycan. Itis reported that a fucosyl chondroitin sulfate chains (Mw=12.00 KDa)
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isolated from sea cucumber can be detected in plasma and urine after oral administration (50 mg/kg) [49].
Additionally, a glycosaminoglycan from Cucumaria frondosa (Mw=21.53 kDa) can improve glucose
metabolism in the liver of the insulin resistant mice after oral administration [30]; a glycosaminoglycan
from Acaudina molpadioides (Mw=21.53 kDa) was found to improve glucose metabolism in the
liver and skeletal muscle of the insulin resistant mice after oral administration [16,29]. A sulfated
polysaccharide from sea cucumber Stichopus japonicus (SCSP, Mw=179.4 kDa) can prevent obesity in
association with modification of gut microbiota in HFD-fed mice [31]. These studies indicated that
glycosaminoglycans from sea cucumber have the possibility to be absorbed in liver and muscle skeletal
of insulin resistant mice. Based on our previously study (data unpublished), AHG is a moderate
absorption drug in an endocytosis manner using Caco-2 and M cell models. In Caco-2 and M cell
models, the Papp (AP-BL) values of AHG were about 2 x10® cm/s and 8 x10 cm/s, respectively.
This indicates AHG is absorbed in the intestinal tracts. The pharmacokinetic study of AHG in animals
will be of interest for further study.

Cumulative evidence supports a beneficial effect of AHG on glucose homeostasis as we observed
in the model of HFD-induced insulin resistant mice. Oral treatment with AHG significantly reduced
body weight and fasting blood glucose level. Furthermore, AHG supplementation improved insulin
resistance by repressing gluconeogenesis related genes. In addition, the activation of IRS1/Akt and
AMPK signaling pathway are the possible mechanisms underlying the effect of AHG on glucose
metabolism in insulin resistant liver. In summary, these findings provide evidence that AHG has
the potential to become a novel marine natural product to provide a therapy for the prevention and
treatment of insulin resistance and type 2 diabetes. To have a better understanding of the effect of
AHG on glucose metabolism in vivo, further investigation is necessary to verify the effect of AHG
on regulation of glucose homeostasis in other insulin target tissues, such as skeletal muscle and
adipose tissues.

4. Materials and Methods

4.1. Chemical Reagents

Insulin and metformin were obtained from Aladdin (Shanghai, China). Antibodies PEPCK,
G6Pase, p-IRS1(5302), p-Akt (T308), IRS1, Akt, p-AMPK« (T172), p-ACC (579), AMPK o and ACC were
all purchased from Cell Signaling Technology (Danvers, MA, United States). Insulin was obtained
from Millipore Sigma (Danvers, MA, United States). Radioimmunoprecipitation assay buffer (RIPA
buffer), SDS-PAGE, PVDF membrane and ECL were obtained from Beyotime (Shanghai, China).

4.2. Preparation of AHG

AHG was prepared as previously described [23]. Specifically, AHG was extracted from the
body wall of the sea cucumber Apostichopus japonicus, purchased from the Nanshan market of
Qingdao, China. AHG was prepared as previously described. The body wall of fresh sea cucumber
Apostichopus japonicus was grinded into homogenate and extracted with KOH (1 mol/L) at 60 °C for
60 min. After neutralization with cold HCl, diastase vera (EC 3.3.21.4) was added to hydrolyze the
protein. The crude polysaccharide was precipitated with 60% ethanol. The crude AHG was further
fractionated by a Q Sepharose Fast Flow column (300 mm X 30 mm) with elution by a step-wise gradient
of 0.75 and 1.5 M NaCl. The fractions eluted with 1.5 M NaCl were further purified on a Sephadex
25 column (100 x 2.6 cm) with deionized water at a flow rate of 0.3 mL/min. The purified AHG
were pooled and lyophilized. The yield of AHG isolated from the fresh sea cucumber Apostichopus
japonicus was 0.51% by weight. The average molecular weight of AHG was 98.07 kDa and the purity
of AHG was over 99% by using gel filtration chromatography. Monosaccharide composition analysis
based on pre-column derivatization reversed-phase HPLC showed that AHG consisted of glucuronic
acid, galactosamine and fucose in the molar ratio of 1/1.03/1.16. The sulfate content was 33.20%
determined by high performance capillary electrophoresis.
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4.3. Animals and Animal Care

Male C57BL/6] mice (18-22 g) were obtained from Jinan Pengyue Experimental Animal Breeding
Co. Ltd. (License Number: SCXK (lu) 2014-0007) and housed in a controlled condition (25 °C, 50 = 5 %
humidity and 12 h dark-light cycles). All mice were randomly divided into six groups for 12 weeks
(8 mice/group): (1) LFD group, given low fat diet (LFD) for 12 weeks; (2) HFD group, given High Fat
Diet (HFD) for 12 weeks; (3) L-AHG group, given HFD for 4 weeks, then given HFD simultaneously
with oral administration of low dose AHG (20 mg/kg/day) for another 8 weeks; (4) M-AHG group,
given HFD for 4 weeks, then given HFD simultaneously with oral administration of medium dose
AHG (50 mg/kg/day) for another 8 weeks; (5) H-AHG group, given HFD for 4 weeks, then given
HFD simultaneously with high dose oral administration of AHG (100 mg/kg/day) for another 8 weeks;
(6) Metformin group, given HFD for 4 weeks, then given HFD simultaneously with oral administration
of metformin (200 mg/kg/day) for another 8 weeks. LFD (TP23523) and HFD (60% fat, TP23520)
were purchased from Nantong Teluofei Feed Technology Co., Ltd. (Nantong, China). At the end
of treatment, mice were fasted for 12 h and intraperitoneally injected with either saline or insulin
(20 units/kg). Mice were euthanized 2 min after injection. Blood were collected and centrifuged at
3000 rpm for 15min at 4 °C to obtain serum. Tissues were weighed and flash frozen in liquid nitrogen.
The anti-hyperglycemic action of metformin is mainly a consequence of suppressed glucose output
owing to inhibition of liver gluconeogenesis [50]. The centre of mechanism of metformin on liver
gluconeogenesis is the alteration of the cell energy metabolism. metformin inhibits mitochondrial
complex I, resulting a drop in ATP production. the inhibition of ATP stimulates the activation of
5’-AMP-activated protein kinase (AMPK) [51-53]. All procedures applied to animals were performed
in accordance with the guidelines of the Laboratory Animal Center of Ocean University of China and
were approved by Animal Ethics Committee of School of Medicine and Pharmacy, Ocean University of
China (Qingdao, China).

4.4. Glucose Tolerance Test and Insulin Tolerance Test

For the glucose tolerance test (GTT), mice were fasted for 16 h and administered orally with
glucose (2 g/kg). Blood glucose was collected before and at 15, 30, 60 and 120 min. For insulin
tolerance test (ITT), mice were injected with insulin (2 units/kg) after 4 h fasting. Blood glucose was
collected before and at 15, 30, 45, and 60 min. Blood glucose was measured with a glucometer (Roche,
Penzberg, Germany).

4.5. Serum Insulin Level Assay

For serum insulin level, blood was collected from mice in fed state. The concentration of serum
insulin was measured by Invitrogen insulin mouse ELISA kit (Thermo Fisher, Shanghai, China).

4.6. Serum Biochemical Analysis

Serum samples were obtained from blood after 30 min centrifugation at 4 °C. The levels of Alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were assessed by ALT and AST assay
kits (Nanjing Jiancheng, Nanjing, China).

4.7. Western Blot analysis

Proteins from the liver tissues were measured by BCA Protein Assay Kit (Thermo Fisher, Shanghai,
China) and separated by SDS-PAGE. After separated, proteins were transferred to PVDF membranes
and then membranes were blocked in TBST containing 5% BSA and incubated with indicated antibodies
overnight at 4 °C, followed by secondary antibody for 1 hour at room temperature. Finally, the protein
bands were detected by using ECL (Nanjing Jiancheng, Nanjing, China) and were quantified by Image J.
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4.8. Quantitative Real-time PCR

Total RNA was extracted from the liver tissues by using TRIzol reagent (Invitrogen, Carlsbad,
USA) and was reversed to cDNA by using iScript cDNA Synthesis Kit (Bio-Rad, USA). Gene expression
was measured with SYBR Green Supermix (Bio-Rad, Hercules, California, USA) in Bio-Rad CFX384
system. The mRNA expression was calculated by AACT methods and Cyclophilin was used as
a load control. The primers used for this study were as follows, G6Pase (forward-5- TGG TAG
CCCTGT CTT TCT TTG-3’; reverse-5- TTC CAG CAT TCA CAC TTT CCT-3’), PEPCK (forward-5'-
ACA CAC ACA CAT GCT CAC AC-3’; reverse-5"- ATC ACC GCA TAG TCT CTG AA-3"), TNF-«
(forward-5"-CCC GAG TGA CAA GCC TGT AG-3’; reverse-5-GAT GGC AGA GAG GAG GTIT
GAC-3'), IL-6 (forward-5"-ACA GCC ACT CAC CTC TTC AG -3’; reverse-5-CCA TCT TTT TCA GCC
ATC TTT-3"), IL-1p3 (forward-5-AGA TGA TAA GCC CAC TCT ACA G-3’; reverse-5"-ACA TTC AGC
ACA GGA CTC TC-3"),Cyclophilin (forward-5- AGC TAG ACT TGA AGG GGA ATG-3’; reverse-5'-
ATT TCT TTT GAC TTG CGG GC-3').

4.9. Statistical Analysis

All results were expressed as the mean + SD. Statistical significance between the two groups
was calculated using unpaired two-tailed t test. In Figure 2B, ANOVA tests were used to compare
two groups among multiple groups. The value of p < 0.05 was considered statistically significantly.
Data were considered no statistically significant at NS.
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Abstract: Ten new diterpene glycosides virescenosides Zg-Z;5 (1-10) together with three known
analogues (11-13) and aglycon of virescenoside A (14) were isolated from the marine-derived fungus
Acremonium striatisporum KMM 4401. These compounds were obtained by cultivating fungus on wort
agar medium with the addition of potassium bromide. Structures of the isolated metabolites were
established based on spectroscopic methods. The effects of some isolated glycosides and aglycons
15-18 on urease activity and regulation of Reactive Oxygen Species (ROS) and Nitric Oxide (NO)
production in macrophages stimulated with lipopolysaccharide (LPC) were evaluated.

Keywords: Acremonium striatisporum; secondary metabolites; marine fungi; diterpene glycosides;
urease activity

1. Introduction

Marine fungi are promising and prolific sources of new biologically active compounds. At the same
time, glycosylated secondary metabolites of marine fungi such as ribofuranosides, containing as aglycon
moieties anthraquinones [1-3], diphenyl ethers [4,5], isocoumarin [6] and naphthyl derivatives [7] are
relatively rare. Recently, two steroid glycosides with 3-D-mannose as sugar part were isolated from
ascomycete Dichotomomyces cejpii [8] and new triterpene glycoside auxarthonoside bearing rare sugar
N-acetyl-6-methoxy-glucosamine was described from sponge-derived fungus Auxarthron reticulatum [9].
Some of these glycosides exhibited cytotoxic [5], radical scavenging [3,4], and neurotropic [8] activities.

During our ongoing search for new natural compounds from marine-derived fungi, we have
investigated the strain Acremonium striatisporum KMM 4401 associated with the holothurian Eupentacta
fraudatrix. Twenty-one new diterpene glycosides, virescenosides have previously been isolated from
this strain under cultivation on solid rice medium and wort agar medium [10-12]. Virescenosides Z5
and Z; exhibited an unusual 16-chloro-15-hydroxyethyl group as their side chains in aglycones [12].
So, we attempted directed biosynthesis for the production of other halogenated compounds by
culturing the fungus Acremonium striatisporum KMM 4401 in media containing potassium bromide.
Unfortunately, we were unable to obtain glycoside derivatives with the incorporation of a bromine
atom in a molecule structure. Chromatographic separation of the CHCl3-EtOH extract of the culture of
fungus has now led to the isolation of ten undescribed diterpene glycosides virescenosides Zg-Zg
(1-10) (Figure 1) together with known virescenosides F (11) and G (12), lactone of virescenoside G (13)
and aglycon of virescenoside A (14) (Figure S1).
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Figure 1. Chemical structures of 1-10.
2. Results and Discussion

The CHCI3-EtOH (2:1, v/v) extract of the culture of A. striatisporum was separated by low-pressure
reversed-phase column chromatography on Teflon powder Polycrome-1 followed by Si gel flash
column chromatography and then by RP HPLC to yield individual compounds 1-14 as colorless,
amorphous solids.

The molecular formula of virescenoside Zg (1) was determined as CpsH42O11 based on the analysis of
HRESIMS (my/z 529.2656 [M-H]~, calcd for CpgHy1 041, 529.2654) and NMR data. A close inspection of the
H and '3C NMR data (Tables 1 and 2; Figures S3-58) of 1 by DEPT and HSQC revealed the presence of
three quaternary methyls (655 0,95, 1.28, 1.81; d¢ 28.5, 17.7, 25.8), six methylenes (8¢ 18.4, 34.3,46.9, 49.8,
64.0 and 74.0), including two oxygen-bearing, eight oxygenated methines (655 3.61, 3.70, 4.28, 4.50, 4.56,
4.69,4.74,543; 5¢c 84.7,57.3,69.1,75.7,72.7, 67.2, 72.3, 101.2) including one methine linked to an anomeric
carbon, two tertiary (5y1 1.93, 2.41; 5¢ 60.5, 55.9), four saturated quaternary carbons (5c 35.8, 43.8 (2C) and
80.2), including one oxygen-bearing, one monosubstituted double bond (5¢ 108.4, 151.0) and one carbonyl
or carboxyl carbon (6¢ 178.0). HMBC correlations from H3-20 (555 1.28) to C-1 (8¢ 46.9), C-5 (5¢ 55.9), C-9
(5¢ 60.5) and C-10 (8¢ 43.8), from H3-18 (551 1.81) to C-3 (8¢ 84.7), C-4 (8¢ 43.8), C-5 (8¢ 55.9) and C-19 (8¢
74.0), from H-3 (5 3.61) to C-2 (8¢ 69.1), C-4 and C-19, from H-1f (g 2.34) to C-3, from H-6 (i3 3.70) to
C-4, C-5,C-7 (8¢ 178.0) and C-8 (5¢ 80.2), from H-9 (5 1.93) to C-8 and C-10 established the structures

226



Mar. Drugs 2019, 17, 616

of the A and B rings and the location of hydroxy groups at C-2, C-3, C-6, C-8 and carbonyl function at
C-7. The correlations observed in the COSY and HSQC spectra of 1 indicated the presence of the isolated
spin system: >CH-CH,-CH,- (C-9-C-11-C-12). These data and HMBC correlations from H;3-17 (611 0.95)
to C-12 (5¢ 34.3), C-13 (5¢ 35.8), C-14 (5¢ 49.8), C-15 (5¢ 151.0) and from H-14p (54 1.48) to C-8, C-9 and
C-12 established the structure of the C ring in 1.

The proton signals of a typical ABX system of a vinyl group at 8y 6.64 (1H, dd, 10.8, 17.6 Hz),
496 (1H, dd, 1.8, 17.6) and 4.85 (1H, dd, 1.8, 10.8) indicated the C-15, C-16 position of this double
bond [13-16]. NOE correlations (Figure 2) H3-20 (6 1.28)/H-2 (6y 4.28), H-6 (511 3.70), H-19b (614
4.96) and H-5 (51 2.41)/H-3 (dy 3.62), H3-18 (511 1.81) indicated a trans-ring fusion of the A and B
rings, as well as the stereochemistry of the methyl and hydroxymethyl groups at C-4, methyl group
at C-10 and hydroxy groups at C-2, C-3 and C-6. NOE cross-peaks H-9 (6y 1.93)/H-5 and H-14§
(Op 1.48)/H3-20, H3-17 (815 0.95), H-6 showed the stereochemistry of the methyl group at C-13 and
suggested the (-orientation of hydroxy group at C-8.

HO

Figure 2. Key HMBC and NOESY correlations of 1.

Interpretation of the COSY data gave rise to spin systems for monosaccharide involving one
anomeric proton, four oxymethines and protons of a hydroxymethyl group. A comparison of the 13C
NMR spectrum of 1 with the data published for a-D-altropyranoses and (3-D-altropyranoses as well as
a good coincidence of carbon signals due to the glycosidic moiety with those of virescenosides O, T,
W [10] together with magnitudes of 'H-'H spin coupling constants in 'H NMR spectra of 1 elucidated
the presence of a B-D-altropyranoside unit of *C; form in 1. A long-range correlation H-1" (5
5.43)/C-19 as well as the NOESY cross-peak between H-1” and H-19a and downfield chemical shift of
C-19 (3¢ 74.0) revealed a linkage between the altrose and aglycon. Thus, the structure of virescenoside
Zg (1) was represented as 19-O-3-D-altropyranosyl-7-oxo-isopimara-15-en-2,33,6«,83-tetraol.

In HRESIMS virescenoside Zy( (2) gave a quasimolecular ion at m/z 493.2446 [M-H]~. These data,
coupled with 13C NMR spectral data (DEPT), established the molecular formula of 2 as CpsH350s. H
and '3C NMR spectra of 2 (Tables 1 and 2; Figures $9-S13) indicated the presence of a A'>-pimarene-type
aglycon possessing primary alcohol on a quaternary carbon (AB system, coupling at 3.73 d, 10.2 Hz
and 4.17 d, 10.2 Hz) and one secondary alcohol function at d¢ 80.0. The remaining functionality,
corresponding to the carbon signals at 4 202.9 (C), 168.7 (C) and 130.3 (C), suggested the presence of
the tetrasubstituted enone chromophore. The structure of the aglycon part of 2 was found by extensive
NMR spectroscopy to be the same as that of virescenoside P [17].
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The HRESIMS of virescenosides Z; (3) showed the quasimolecular ion at 17/z 509.2408 [M-H]".
These data, coupled with '*C NMR spectral data (DEPT), established the molecular formula of 3
as CyaHz301¢. The structure of the aglycon moiety of 3 was found by extensive NMR spectroscopy
(*H, 13C, HSQC, HMBC and NOESY) (Tables 1 and 2; Figures S14-518) to be the same as those of
virescenoside M [18].

The 13C and "H NMR spectra of the sugar moieties of virescenoside Z1g (2) and Zj; (3) showed a
close similarity of all proton and carbon chemical shifts with those of virescenosides Z; and Zg [12].
The 7.7-,7.4-Hz splitting between H-2 and H-3 indicated that both were axial, whereas the 4.8-, 5.7-Hz
splitting between H-4 and H-5 showed that these protons in equatorial position. These data and
HMBC correlations between anomeric protons and C-5'-methine groups and between H-5" (5 4.24,
4.22) and C-6’ (8¢ 174.0) suggested the presence of a f-altruronopyranoside unit of 'Cy conformation
in 2 and 3. The long-range correlations H-1" (5y; 4.84, 4.82)/C-19 as well as the NOESY cross-peak
between H-1" and H-19a and downfield chemical shifts of C-19 (3¢ 73.3, 73.8) indicated that sugar
moieties were linked at C-19. Earlier in result of reduction of the sum of virescenosides Z4-Zg with
LiAlH, and the acid hydrolysis of obtained products was isolated D-altrose as the only sugar that
was identified by GLC of the corresponding acetylated (+)- and (-)-2-octyl glycosides using authentic
samples prepared from D-altrose [12]. Thus, the structure of virescenoside Zj( (2) was determined as
19-O-B-D-altruronopyranosyl-7-oxo-isopimara-8(9),15-dien-3$3-ol, and the structure of virescenoside
Z11 (3) was established as 19-O-f3-D-altruronopyranosyl-7-oxo-isopimara-8(9),15-dien-2«,33-diol.

The HRESIMS of virescenosides Z;; (4) and Z;3 (5) showed the quasimolecular ions at m/z 517.2770
[M + Na]* and m/z 533.2718 [M + Na]™, respectively. These data, coupled with 3C NMR spectral
data (DEPT), established the molecular formula of 4 and 5 as Cy;H4,Og and CpyHypOg, respectively.
A close inspection of the H and ¥C NMR data of 4 (Tables 1 and 2; Figures 519-523) revealed that
virescenoside Z1, (4) was structurally identical to virescenosides B [13] and G [19] (See Extraction and
Isolation) with respect to the aglycon. The structure of the aglycon moiety of 5 was found by extensive
NMR spectroscopy (Tables 1 and 2; Figures S24-528) to be the same as that of virescenosides A [13,20]
and F [19] (See Extraction and Isolation).

The NMR spectra of glycosides 4 and 5 indicated that both compounds contained closed
carbohydrate moieties (Tables 1 and 2). Initial examination of the 1-D proton and one bond correlation
NMR data suggested the presence of one sugar (anomeric signals at 8¢; 4.85, 8¢ 103.7 for 4 and 5y 4.85,
8¢ 103.3 for 5). The 'H and '*C NMR spectra of the sugar parts of 4 and 5 indicated the presence of the
methoxy groups (both, 8¢ 3.78, 8¢ 53.3). HMBC correlations from anomeric protons to C5’-methine
groups and from H-5" (5 4.28) to C-6" (5¢ 172.7, 172.9) and from H3-7" (6y 3.78) to C-6" together
with magnitudes of 'H-'H spin coupling constants suggested the presence of the methyl ester of a
p-altruronopyranoside unit of 'Cy form in 4 and 5. A long-range correlations H-1 (5y3 4.85)/C-19 (8¢ 73.9,
74.1) as well as the NOESY cross-peaks between H-1" and H-19a (851 3.83, 3.72) and downfield chemical
shifts of C-19 indicated that sugar moieties were linked at C-19. Thus, the structure of virescenoside Z,
(4) was determined as 19-O-[(methyl-p-D-altruronopyranosyl)-uronat]-isopimara-7,15-dien-33-ol,
and the structure of virescenoside Zj3 (5) was established as 19-O-[(methyl-p-D-
altruronopyranosyl)-uronat]-isopimara-7,15-dien-2«,33-diol.

The NMR data (Tables 1 and 3) of virescenosides Z14 (6), Z15 (7) and Z¢ (8) suggested the presence
of one sugar (anomeric signals at 5¢; 4.78, ¢ 102.8, 5y 4.79, 6¢ 102.8, 811 4.75, 5¢ 101.9). The H and
13C NMR spectra of the sugar moieties of 6, 7 and 8 showed a close similarity of all proton and carbon
chemical shifts and proton multiplicities. These data and HMBC correlations from anomeric protons to
C-5" methine groups and from H-5" (51 4.24, 4.24, 4.23) to C-6 (5¢ 173.2,172.8, 172.6) and from Hj-7"
(811 3.76, 3.76, 3.77) to C-6” suggested the presence of the methyl ester of a f-altruronopyranoside unit
in 6, 7 and 8. The 7.0-, 7.3-, 8.0-Hz splitting between H-4 and H-5 indicated that both were axial and
conformation of sugar parts in 6, 7 and 8 is *C;.
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The HRESIMS of virescenosides Z4 (6) showed the quasimolecular ion at m/z 547.2508 [M +
Na]*. These data, coupled with '*C NMR spectral data (DEPT), established the molecular formula of 6
as Cy7Hy0O1¢. The structure of the aglycon moiety of 6 was found by extensive NMR spectroscopy
(*H, 13C, HSQC, HMBC and NOESY) (Tables 1 and 3; Figures S529-S33) to be the same as those of
virescenoside V [21].

The molecular formula of virescenoside Zi5 (7) was determined as Cy7Hy9O1¢ based on the
analysis of HRESIMS (m/z 523.2550 [M-H]~, caled for C»7H3901, 523.2549) and NMR data. The TH and
13C NMR data (Tables 1 and 3; Figures S34-S38) observed for the aglycon part of 7 closely resembled
those obtained for virescenoside Z;( (2) with the exception of the C-1-C-4 carbon and proton signals of
ring A. The HMBC correlations from H-5 (6y5 1.75) to C-3 (8¢ 84.4), H-3 (811 3.00) and from Hy-1 (54
1.23,2.18) to C-2 (8¢ 69.2) and downfield chemical shifts of C-2 placed an additional hydroxy group at
C-2 of ring A. The relative stereochemistry of protons on C-2 and C-3 was defined based on the 'H-'H
coupling constant (/=9.8) and assigned as axial. Previously, a similar aglycon has been described for
virescenoside M [10].

The HRESIMS of virescenoside Zj4 (8) showed the quasimolecular at m/z 515.2617 [M + Na]*.
These data, coupled with 13C NMR spectral data (DEPT), established the molecular formula of 8 as
Cy7HyOg (Tables 1 and 3). The structure of the aglycon moiety of 8 was found by 2D NMR experiments
(Figures S39-543) to be the same as that of virescenoside Z, [12].

The attachment of a carbohydrate chains at C-19 of aglycon moieties of 6,
7 and 8 was confirmed by cross-peaks H-1' (oy 4.78, 479, 4.75)/H-19a (6y 3.68,
365, 390) and H-1/C-19 (5¢c 731, 736, 751) in the NOESY and HMBC spectra,
respectively. From all these data, virescenoside Zj4 (6) was structurally identified as
19-O-[(methyl-B-D-altruronopyranosyl)-uronat]-7-oxo-isopimara-8(14),15-dien-2c,33-diol, virescenoside
Z15 (7) as 19-O-[(methyl-B-D-altruronopyranosyl)-uronat]-7-oxo-isopimara-8(9),15-dien-2«,33-diol and
virescenoside Z14 (8) as 19-O-[(methyl-3-D-altruronopyranosyl)-uronat]-3-oxo-isopimara-7,15-dien.

The HRESIMS of virescenoside Z;; (9) showed the quasimolecular ion at m/z 575.3194 [M
+ Na]*. These data, coupled with 13C NMR spectral data (DEPT), established the molecular
formula of 9 as C3pHyg09. The 'H and *C NMR data observed for aglycon and sugar (C-1’-C-6')
parts of 9 (Tables 1 and 3; Figures S44-S48) matched those reported for virescenoside Z;3 (5).
The correlations observed in the COSY and HSQC spectra of 9 indicated the presence of the isolated
spin system: -CHy-CH,-CH,-CHj (C-7'-C-10"). These data and HMBC correlations from H3-10"
(6 0.96) to C-8 (8¢ 32.3), C-9’ (6¢ 20.7) and from Ha-7" (5y 4.15) to C-6’ (¢ 172.9), C-8’ and
C-9’ suggested the presence of the butyl ester of a S-altruronopyranoside unit of !C; form in
9. On the basis of all the data above, the structure of virescenosides Z;; (9) was established as
19-O-[(butyl-B-D-altruronopyranosyl)-uronat]-isopimara-7,15-dien-2 «,3 3-diol.

The HRESIMS of virescenoside Z;g (10) showed the quasimolecular at m/z 517.2773 [M + Na] ™.
These data, coupled with 13C NMR spectral data (DEPT), established the molecular formula of
10 as CpyHyOs. The 'H and '*C NMR data observed for the aglycon part of 10 (Tables 1 and 3;
Figures S49-S54) matched those reported for virescenoside Q [17]. Initial examination of the 1-D
proton and one bond correlation NMR data suggested the presence of one sugar (anomeric signal
at 8y 4.97, 8¢ 103.5). The 'H and '3C NMR spectra of the sugar part of 10 indicated the presence
of the methoxycarbonyl group (5 3.64, 5¢c 51.8, 170.7). A comparison of the 1*C NMR spectrum
with the data published for a- and f-D-mannopyranoses as well as a good coincidence of carbon
signals C-1/-C-4’ with those of virescenoside Q together with magnitudes of 'H-'H spin coupling
constants in 'H NMR spectrum of 10 elucidated the presence of -D-mannouronopyranoside unit of
4C; formin 10 [17,22,23]. A long-range correlation H-1" (55 4.97)/C-19 (8¢ 72.1) as well as the NOESY
cross-peak between H-1" and H-19a (855 4.26) and downfield chemical shifts of C-19 indicated that
sugar moiety was linked at C-19. Thus, the structure of virescenoside Z;g (10) was determined as
19-O-[(methyl-B-D-mannopyrananosyl)-uronat]-isopimara-7,15-dien-3{3-ol.
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Since methanol is used in the isolation procedure of virescenosides, it is possible that the methyl
esters of the sugar units may be obtained during the course of isolation. Therefore, we separated the
part of subfraction II by RP-HPLC using acetonitrile instead of methanol and obtain virescenosides
Z15 (4) and Zy3 (5) which were characterized by H and 3C NMR spectra. Furthermore, we observed
compounds 4-8 and 10 in subfraction II by HPLC-MS method (See Supplementary Figure S2).

The structures of known compounds virescenosides F (11) and G (12), lactone of virescenoside
G (13) [19] and aglycon of virescenoside A (14) [13] (See Supplementary Figure S1) were determined
based on HRESIMS and NMR data and comparison with literature. The aglycons of virescenosides B
(15, 16), C (17) and M (18) (See Supplementary Figure S1, Experimental Section) were prepared as a
result of acid hydrolysis of the corresponding glycosides for examination of their biological activity.

Next, we investigated the effects of some isolated compounds and aglycones 15-18 on urease activity
and regulation of ROS and NO production in macrophages stimulated with lipopolysaccharide (LPS).

The development of urease inhibitors, usually considered as antiulcer agents, carries a significant
interest for medicinal chemists. Urease is an enzyme that is clinically used as diagnostic to determine
the presence of pathogens in the gastrointestinal and urinary tracts. It has been described that the
bacterial urease causes many clinically harmful infections, like stomach cancer, infectious stones and
peptic ulcer formation in human and animal health [24]. Urease is also involved in the pathogenesis of
hepatic coma, urolithiasis, urinary catheter encrustation and oral cavity infections by hydrolyzing the
salivary urea [25].

Aglycons 14 and 15 inhibit urease activity with an ICsy of 138.8 and 125.0 uM, respectively.
Thiourea used as positive control inhibited urease activity with ICsy of 23.0 M.

Compounds 1, 2, 5,15-18 at a concentration of 10 M induced a significant down-regulation of ROS
production in macrophages stimulated with lipopolysaccharide (LPS) (Figure 3). Virescenoside Zg (2)
decreased the ROS content in macrophages by 45%.
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Figure 3. Influence of compounds upon ROS level in murine peritoneal macrophages, co-incubated
with LPS from E. coli. The compounds were tested at a concentration of 10 uM. Time of cell incubation
with compounds was 1 h at 37 °C. * p < 0.05.

Compounds 2, 5, 16 and 17 induced a moderate down-regulation of NO production in
LPS-stimulated macrophages at concentration of 1 uM (Figure 4).
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Figure 4. Influence of compounds upon RNS level in murine peritoneal macrophages, co-incubated
with LPS from E. coli. The compounds were tested at a concentration of 1 uM. Time of cell incubation
with compounds was 1 h at 37 °C. * p < 0.05.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a Perkin-Elmer 343 polarimeter (Perkin Elmer, Waltham, MA,
USA). UV spectra were recorded on a Shimadzu UV-1601PC spectrometer (Shimadzu Corporation,
Kyoto, Japan) in methanol. NMR spectra were recorded in CD;0D, CDCl3, DMSO-dg and C5DsN on
a Bruker DPX-500 (Bruker BioSpin GmbH, Rheinstetten, Germany) and a Bruker DRX-700 (Bruker
BioSpin GmbH, Rheinstetten, Germany) spectrometer, using TMS as an internal standard. The Bruker
Impact I Q-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) was used to record the MS
and MS/MS spectra within m/z range 50-1500. The capillary voltage was set to 1300 V, and the drying
gas was heated to 150 °C at the flow rate 3 L/min. Collision-induced dissociation (CID) product ion
mass spectra were obtained using nitrogen as the collision gas. The instrument was operated using the
program otofControl (ver. 4.0, Bruker Daltonics, Bremen, Germany) and the data were analyzed using
the DataAnalysis Software (ver. 4.3, Bruker Daltonics, Bremen, Germany).

Low-pressure liquid column chromatography was performed using silica gel (50/100 um, Imid,
Russia) and Polychrome-1 (powder Teflon, Biolar, Latvia). Plates precoated with silica gel (5-17 um,
4.5 x 6.0 cm, Imid) and silica gel 60 RP-18 F»54S (20 x 20 cm, Merck KGaA, Germany) were used for
thin-layer chromatography. Preparative HPLC was carried out on a Agilent 1100 chromatography
(Agilent Technologies, USA) using a YMC ODS-AM (YMC Co., Ishikawa, Japan) (5 um, 10 x 250 mm)
and YMC ODS-A (YMC Co., Ishikawa, Japan) (5 um, 4.6 x 250 mm) columns with a Agilent
1100 refractometer (Agilent Technologies, USA).

3.2. Cultivation of Fungus

The fungus was grown stationary at 22 °C for 14 days on 6 flasks (1 L) (medium: wort-200 mL,
sodium tartrate-0.05 g/L, agar-20 g/L, potassium bromide-30 g/L, seawater-800 mL).
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3.3. Extraction and Isolation

At the end of the incubation period, the mycelium and medium were homogenized and
extracted three times with a mixture of CHCl3-EtOH (2:1, v/v, 2.5 L). The combined extracts (4.5 g)
were concentrated to dryness and separated by low pressure RP CC (the column 20 x 8 cm) on
Polychrome-1 Teflon powder in H,O and 50% EtOH. After elution of inorganic salts and highly polar
compounds by H,O, 50% EtOH was used to obtain the fraction of amphiphilic compounds, including
the virescenosides. After evaporation of the solvent, the residual material (2.6 g) was subjected to Si
gel flash CC (7 X 13 cm) chromatography with a solvent gradient system of increasing polarity from
10 to 60% EtOH in CHCl; (total volume 8 L). Fractions of 20 mL were collected and combined by TLC
examination to obtain two subfractions. Subfraction I (CHCl3—EtOH 5:1, 3:1, 180 mg) was purified
and separated by RP HPLC on a YMC ODS-A column eluting with MeOH-H,O-TFA (85:15:0.1) to
yield 8 (2.4 mg), 9 (3.6 mg), 13 (2.4 mg) and 14 (4.0 mg). Subfraction II (CHCl3~EtOH 2:1, 840 mg) was
purified by RP HPLC on a YMC ODS-AM column eluting at first with MeOH—-H,O-TFA (80:20:0.1)
and then with MeOH-H,O-TFA (70:30:0.1) to yield 1 (2.5 mg), 2 (2.5 mg), 3 (7.5 mg), 4 (15.5mg), 5
(71 mg), 6 (1.4 mg), 7 (6.6 mg) 10 (1.4 mg), 11 (98 mg) and 12 (63 mg).

The part of subfraction II (35 mg) was purified by RP HPLC on a YMC ODS-A column eluting
with CH3CN-H,O-TFA (50:50:0.1) to yield 4 (1.1 mg), 5 (4.5 mg), 11 (6 mg) and 12 (2 mg).

3.4. Spectral Data

Virescenoside Zy (1): amorphous solids; [a]g) +1.5 (c 0.15, MeOH); 'H and *C NMR data,
see Tables 1 and 2, Supplementary Figures S3-58; HRESIMS m/z 553.2618 [M + Na]* (caled. for
C26H42O11Na, 553.2619, A + 0.2 ppm)

Virescenoside Z;( (2): amorphous solids; [oc]%) +10.0 (c 0.09, MeOH); UV (MeOH) Amax (log €) 248
(3.91) nm; 'H and '®C NMR data, see Tables 1 and 2, Supplementary Figures $9-513; HRESIMS /z
493.2446 [M-H] ™~ (calcd. for CycH3z709, 493.2443, A-0.6 ppm).

Virescenoside Zj; (3): amorphous solids; [sz]ZD0 +7.5(c0.10, MeOH); UV (MeOH) Amax (log ¢) 248
(3.64) nm; 'H and 1®C NMR data, see Tables 1 and 2, Supplementary Figures S14-S18; HRESIMS m/z
509.2403 [M—H]_ (calcd. for C26H37010, 509.2392, A-2.0 ppm)

Virescenoside Z;; (4): amorphous solids; [a]gj —50.0 (c 0.10, MeOH); 'H and *C NMR data,
see Tables 1 and 2, Supplementary Figures S19-523; HRESIMS m/z 517.2770 [M + Na]* (caled. for
Cp7Hy05Na, 517.2772, A + 0.4 ppm).

Virescenoside Z;3 (5): amorphous solids; [Dt]zDO —69.2 (c 0.13, MeOH); 'H and 3C NMR data,
see Tables 1 and 2, Supplementary Figures S24-S28; HRESIMS m/z 533.2718 [M + Na]* (caled. for
Co7HipO9Na, 533.2721, A + 0.6 ppm).

Virescenoside Z4 (6): amorphous solids; [a]g) —44.0 (c 0.10, MeOH); UV (MeOH) Amax (log €) 249
(3.81) nm; 'H and ¥C NMR data, see Tables 1 and 3, Supplementary Figures 529-S33; HRESIMS m1/z
547.2508 [M + Na]™ (calcd. for CoyHy0O10Na, 547.2514, A +1.0 ppm).

Virescenoside Z;5 (7): amorphous solids; [0(]2DO +17.3 (c 0.15, MeOH); UV (MeOH) Amax (log €)
248 (3.99) nm; TH and 13C NMR data, see Tables 1 and 3, Supplementary Figures 534-S38; HRESIMS
mfz 547.2515 [M + Na]* (caled. for CoyHyoO19Na, 547.2514, A —0.2 ppm).

Virescenoside Zj4 (8): amorphous solids; [cv]zD0 -78.0 (c 0.05, MeOH); 'H and 3C NMR data,
see Tables 1 and 3, Supplementary Figures S39-543; HRESIMS m/z 515.2617 [M + Na]* (caled. for
Co7H49OgNa, 515.2615, A—0.4 ppm).

Virescenoside Z;7 (9): amorphous solids; [a]%;) —60.0 (¢ 0.10, MeOH); 'H and 3C NMR data,
see Tables 1 and 3, Supplementary Figures 544-548; HRESIMS m/z 575.3194 [M + Na]* (calcd. for
Cy9HygO9Na, 575.3191, A-0.5 ppm), m/z 551.3229 [M-H] " caled. for CooHyyOg, 551.3226, A -0.6 ppm).

Virescenoside Z;g (10): amorphous solids; [0(]2DO -32.5 (c 0.12, MeOH); 'H and 3C NMR data,
see Tables 1 and 3, Supplementary Figures S49-S54; HRESIMS m/z 517.2773 [M + Na]* (caled. for
C27H4208Na, 517.2772, A-0.3 ppm)
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Virescenoside F (11): amorphous solids; 1TH NMR (700 MHz, CD;0D) &: 5.80 (1H, dd, ] = 10.8,
17.4 Hz, H-15), 5.38 (1H, m, H-7), 4.92 (1H, dd, ] = 1.4, 17.4 Hz, H-16b), 4.86 (1H, d, ] = 3.0 Hz, H-1"),
4.85 (1H, dd, J = 1.4, 10.8 Hz, H-16a), 4.27 (1H, t, ] = 3.7 Hz, H-4')4.24 (1H, d, ] = 4.3 Hz, H-5), 4.12
(1H, d, ] = 9.8 Hz, H-19b), 3.93 (1H, dd, ] = 3.3, 8.3 Hz, H-3"), 3.78 (1H, dd, ] = 3.0, 8.0 Hz, H-2’), 3.76
(1H, m, H-2),3.73 (1H, d, ] = 9.8 Hz, H-19a), 2.98 (1H, d, ] = 9.8 Hz, H-3), 2.11 (1H, dd, ] = 4.2, 12.5 Hz,
H-1B), 2.04 (1H, m, H2-6), 1.9 (1H, m, H-14«), 1.92 (1H, dd, ] = 2.8, 14.4 Hz, H-148), 1.73 (1H, m, H-9),
1.60 (1H, m, H-11«x), 1.50 (1H, m, H-12«), 1.39 (1H, m, H-128), 1.39 (1H, m, H-11p), 1.34 (1H, dd, ] =
5.8,10.7 Hz, H-5), 1.14 (3H, s, Me-18), 1.11 (1H, d, ] = 12.3 Hz, H-1«), 0.92 (3H, s, Me-20), 0.86 (3H, s,
Me-17). 13C NMR (176 MHz, CD30D) &: 174.0 (C-6), 151.9 (C-15), 136.9 (C-8), 123.2 (C-7), 110.4 (C-16),
103.5 (C-1"), 85.8 (C-3), 76.6 (C-5), 74.3 (C-19), 70.9 (C-2"), 70.4 (C-3’), 70.2 (C-4"), 69.7 (C-2), 54.1 (C-9),
53.4 (C-5),48.0 (C-1), 47.6 (C-14), 44.4 (C-4), 38.4 (C-13), 37.9 (C-10), 37.9 (C-12), 25.1 (C-6), 24.2 (C-18),
22.6 (C-17),22.1 (C-11), 17.7 (C-20); Supplementary Figures S55-S59; HRESIMS m/z 519.2563 [M + Na]*
(caled. for CoeHg9O9Na, 519.2565, A + 0.3 ppm).

Virescenoside G (12): amorphous solids; 'H NMR (700 MHz, CD;OD) §: 5.80 (1H, dd, ] = 10.8,
17.5 Hz, H-15), 5.37 (1H, m, H-7), 4.92 (1H, dd, J = 1.6, 17.5 Hz, H-16b), 4.86 (1H, d, ] = 3.3 Hz, H-1"),
4.84 (1H, dd, J = 1.6, 10.8 Hz, H-16a), 4.30 (1H, t, ] = 3.5 Hz, H-4')4.24 (1H, d, ] = 3.7 Hz, H-5), 4.10
(1H, d, J = 9.9 Hz, H-19b), 3.93 (1H, dd, J = 3.3, 8.7 Hz, H-3'), 3.84 (1H, d, ] = 9.9 Hz, H-19a), 3.78 (1H,
dd, ] =3.3,8.7Hz, H-2),3.24 (1H, dd, ] = 4.0, 11.8 Hz, H-3), 2.07 (1H, m, H-6), 2.01 (1H, m, H-63),
1.97 (1H, m, H-14«), 1.91 (1H, dd, ] = 2.7, 14.0 Hz, H-14B), 1.90 (1H, dd, J = 3.4, 13.4 Hz, H-1p), 1.74
(1H,dd,J=35,11.8 Hz, H-2),1.68 (1H, dd, ] = 3.5, 7.5 Hz, H-2x),1.66 (1H, dd, ] = 3.7, 7.7 Hz, H-9),
157 (1H, m, H-11«), 1.47 (1H, td, J = 2.9, 9.1 Hz, H-128), 1.37 (1H, m, H-12cx), 1.38 (1H, m, H-118), 1.26
(1H, dd, ] =4.5,12.1 Hz, H-5), 1.23 (1H, m, H-1«), 1.12 (3H, s, Me-18), 0.86 (3H, s, Me-17), 0.85 (3H, s,
Me-20). 13C NMR (176 MHz, CD;0D) &: 173.7 (C-6"), 152.0 (C-15), 137.1 (C-8), 123.2 (C-7), 110.4 (C-16),
103.9 (C-1'), 81.7 (C-3), 76.7 (C-5'), 73.9 (C-19), 70.6 (C-4"), 70.4 (C-3"), 70.1 (C-2"), 54.1 (C-9), 53.7 (C-5),
47.7 (C-14), 43.7 (C-4), 40.0 (C-1), 38.4 (C-13), 37.9 (C-12), 36.8 (C-10), 29.4 (C-2), 25.0 (C-6), 23.6 (C-18),
22.6 (C-17),22.1 (C-11), 17.0 (C-20); Supplementary Figures S60-S64; HRESIMS m/z 503.2617 [M + Na]*
(caled. for CyeHyOgNa, 503.2615, A—0.3 ppm).

Lactone of virescenoside G (13): amorphous solids; TH NMR (700 MHz, DMSO-dg) 6: 5.80 (1H,
dd, | =10.8,17.6 Hz, H-15), 5.66 (1H, d, | = 7.8 Hz, 5-OH), 5.56 (1H, d, ] = 5.6 Hz, 2’-OH), 5.37 (1H, m,
H-7),5.29 (1H, d, ] = 3.4 Hz, 2/-OH), 4.93 (1H, dd, ] = 1.7, 17.6 Hz, H-16b), 4.85 (1H, dd, ] = 1.7, 10.7 Hz,
H-16a), 4.68 (1H, d, ] = 6,8 Hz, H-1"), 4.41 (1H, dd, ] = 5.6, 7.8 Hz, H-5'), 4.39 (1H, brs, H-3’), 4.14 (1H,
d, ] =11.0 Hz, H-19b), 4.12 (1H, dd, | = 3.4, 5.8 Hz, H-4"), 3.55 (1H, ddd, ] = 1.5, 5.4, 6.8 Hz, H-2’), 3.49
(1H,dd, ] =4.0,11.9 Hz, H-3), 3.48 (1H, d, ] = 11.0 Hz, H-19a), 2.22 (1H, dd, | = 3.1, 12.4 Hz, H-2b),
1.93 (1H, m, H-6B), 1.91 (1H, m, H-14%), 1.88 (1H, m, H-1B), 1.87 (1H, m, H-14p), 1.71 (1H, m, H-6cx),
1.64 (1H, m, H-9), 1.55 (1H, m, H-11b), 1.46 (1H, m, H-2a), 1.44 (1H, m, H-12b), 1.31 (2H, m, H-11a,
H-12a), 1.25 (3H, s, Me-18), 1.22 (1H, dd, ] = 2.5, 9.3 Hz, H-5), 1.12 (1H, dt, ] = 3.1, 12.5 Hz, H-1«), 0.89
(3H, s, Me-20), 0.82 (3H, s, Me-17). 13C NMR (176 MHz, DMSO-dg) §: 174.0 (C-6'), 149.9 (C-15), 135.5
(C-8), 121.1 (C-7), 109.8 (C-16), 93.8 (C-1"), 84.0 (C-3’), 80.1 (C-3), 71.4 (C-2’), 70.1 (C-4’), 68.5 (C-5),
68.4 (C-19), 50.8 (C-9), 49.9 (C-5), 45.4 (C-14), 36.5 (C-13), 36.1 (C-4), 35.9 (C-1), 35.5 (C-12), 34.7 (C-10),
25.5 (C-18), 21.7 (C-6), 21.3 (C-17), 21.2 (C-2), 19.7 (C-11), 15.7 (C-20); Supplementary Figures S65-568;
HRESIMS m/z 485.2508 [M + Na]* (calcd. for Cp6H3s07Na, 485.2510, A + 0.4 ppm).

Aglycon of virescenoside A (14): amorphous solids; H NMR (500MHz, CD;0D) &: 5.80 (1H, dd,
J =10.8, 17.5 Hz, H-15), 5.37 (1H, brs, H-7), 4.93 (1H, dd, ] = 1.4, 17.5 Hz, H-16b), 4.85 (1H, dd, J = 1.4,
10.8 Hz, H-16a), 4.14 (1H, d, ] = 11.2 Hz, H-19b), 3.79 (1H, ddd, ] = 4.3, 9.8, 11.7 Hz, H-2), 3.50 (1H, d, ]
=11.2 Hz, H-19a), 3.09 (1H, d, ] = 9.8 Hz, H-3), 2.11 (1H, dd, ] = 4.3, 12.6 Hz, H-1), 1.98 (1H, m, H-6p3),
1.97 (1H, m, H-14«), 1.91 (1H, dd, ] = 2.2, 13.7 Hz, H-14p), 1.92 (1H, m, H-6x), 1.73 (1H, m, H-9), 1.61
(1H, dt, ] = 3.9, 10.0 Hz, H-11p), 1.50 (1H, d, J = 8.7 Hz, H-12ax), 1.39 (2H, m, H-11e, H-12), 1.35 (1H,
dd, ] = 4.2,12.0 Hz, H-5), 1.21 (3H, s, Me-18), 1.12 (1H, t, ] = 12.3 Hz, H-1«), 0.93 (3H, s, Me-20), 0.86
(3H, s, Me-17). 13C NMR (125 MHz, CD;0D) é: 151.9 (C-15), 137.1 (C-8), 123.1 (C-7), 110.4 (C-16), 86.5
(C-3), 69.7 (C-2), 66.6 (C-19), 54.0 (C-9), 53.0 (C-5), 47.7 (C-1), 47.6 (C-14), 44.4 (C-4), 38.4 (C-13), 379
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(C-10), 37.8 (C-12), 24.8 (C-6), 24.5 (C-18), 22.6 (C-17), 22.1 (C-11), 17.9 (C-20), Supplementary Figures
S69-S73; HRESIMS m/z 343.2241 [M + Na]* (caled. for CooH3,03Na, 343.2244, A + 0.8 ppm).

3.5. Urease Inhibition Assay

The reaction mixture consisting of 25 pL enzyme solution (urease from Canavalia ensiformis, Sigma,
1U final concentration) and 5 uL of test compounds dissolved in water (10-300.0 uM final concentration)
was preincubated at 37 °C for 60 min in 96-well plates. Then 55 uL of phosphate buffer solution with
100 uM urea was added to each well and incubated at 37 °C for 10 min. The urease inhibitory activity
was estimated by determining of ammonia production using indophenol method [26]. Briefly, 45 uL of
phenol reagent (1% w/v phenol and 0.005% w/v sodium nitroprusside) and 70 pL of alkali reagent
(0.5% w/v NaOH and 0.1% active chloride NaOCl) were added to each well. The absorbance was
measured after 50 min at 630 nm using a microplate reader Multiskan FC (Thermo Scientific, Canada).
All the reactions were performed in triplicate in a final volume of 200 uL. The pH was maintained
7.3-7.5 in all assays. DMSO 5% was used as a positive control.

3.6. Reactive Oxygen Species (ROS) Level Analysis in LPS-Treated Cells

The suspension of macrophages on 96-well plates (2 x 104 cells/well) were washedwith the PBS
and treated with 180 uL/well of the tested compounds (10 uM) for 1 h and 20 uL/well LPS from E.
coli serotype 055:B5 (Sigma, 1.0 pg/mL), which were both dissolved in PBS and cultured at 37 °C in a
CO2-incubator for one hour. For the ROS levels measurement, 200 uL of 2,7-dichlorodihydrofluorescein
diacetate (DCF-DA, Sigma, final concentration 10 uM) fresh solution was added to each well, and the
plates were incubated for 30 min at 37 °C. The intensity of DCF-DA fluorescence was measured at Aex
485 n/Aem 518 nm using the plate reader PHERAstar FS (BMG Labtech, Offenburg, Germany) [27].

3.7. Reactive Nitrogen Species (RNS) Level Analysis in LPS-Treated Cells

The suspension of macrophages on 96-well plates (2 x 104 cells/well) were washed withthe PBS
and treated with 180 uL/well of the tested compounds (10 uM) for 1 h and 20 uL/well LPS from E.
coli serotype 055:B5 (Sigma, 1.0 ug/mL), which were both dissolved in PBS and cultured at 37 °C
in a CO2-incubator for one hour. For the RNS levels measurement, 200 uL. Diaminofluorescein-FM
diacetate (DAF FM-DA, Sigma, final concentration 10 M) fresh solution was added to each well,
and the plates were incubated for 40 min at 37 °C, then replaced with fresh PBS, and then incubated for
an additional 30 min to allow complete de-esterification of the intracellular diacetates. The intensity of
DAF FM-DA fluorescence was measured at Aex 485 n/Aem 520 nm using the plate reader PHERAstar
FS (BMG Labtech, Offenburg, Germany).

3.8. Peritoneal Macrophage Isolation

Mice BALB/c were sacrificed by cervical dislocation. Peritoneal macrophages were isolated using
standard procedures. For this purpose, 3mL of PBS (pH 7.4) was injected into the peritoneal cavity
and the body intensively palpated for 1-2 min. Then the peritoneal fluid was aspirated with a syringe.
Mouse peritoneal macrophage suspension was applied to a 96-well plate left at 37 °C in an incubator
for 2 h to facilitate attachment of peritoneal macrophages to the plate. Then a cell monolayer was triply
flushed with PBS (pH 7.4) for deleting attendant lymphocytes, fibroblasts and erythrocytes and cells
were used for further analysis.

All animal experiments were conducted in compliance with all rules and international
recommendations of the European Convention for the Protection of Vertebrate Animals used for
experimental and other scientific purposes. All procedures were approved by the Animal Ethics
Committee at the G. B. Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch
of the Russian Academy of Sciences (Vladivostok, Russia), according to the Laboratory Animal
Welfare guidelines.
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3.9. Statistical Analysis

Average value, standard error, standard deviation and p-values in all experiments were
calculated and plotted on the chart using SigmaPlot 3.02 (Jandel Scientific, San Rafael, CA, USA).
Statistical difference was evaluated by t-test, and results were considered as statistically significant at
p <0.05.

4. Conclusions

Ten new diterpene glycosides, virescenosides Zg-Z;g3 (1-10) were isolated from a marine
strain of Acremonium striatisporum KMM 4401 associated with the holothurian Eupentacta fraudatrix.
Virescenoside Zg (1) is an altroside of a new 7-oxo-isopimara-15-en-2c,3f3,6,83-tetraol aglycon.
Virescenosides Z15-Z1s (4-8) were determined as the monosides having unique methyl esters of
altruronic acid as their sugar moieties. Carbohydrate chain of virescenoside Z;g (10) was structurally
identified as the methyl ester of mannuronic acid. The effects of some isolated glycosides and aglycons
15-18 on urease activity and regulation of ROS and NO production in macrophages stimulated with
lipopolysaccharide (LPC) were evaluated.

Supplementary Materials: 1H, 13C, HSQC, HMBC and NOESY spectra of all compounds are available online at
http://www.mdpi.com/1660-3397/17/11/616/s1.
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Abstract: Amongst Aeromonas spp. strains that are pathogenic to fish in Polish aquacultures,
serogroup O6 was one of the five most commonly identified immunotypes especially among carp
isolates. Here, we report immunochemical studies of the lipopolysaccharide (LPS) including the
O-specific polysaccharide (O-antigen) of A. veronii bv. sobria strain K557, serogroup O6, isolated
from a common carp during an outbreak of motile aeromonad septicemia (MAS) on a Polish
fish farm. The O-polysaccharide was obtained by mild acid degradation of the LPS and studied
by chemical analyses, mass spectrometry, and 'H and '*C NMR spectroscopy. It was revealed
that the O-antigen was composed of two O-polysaccharides, both containing a unique sugar
4-amino-4,6-dideoxy-L-mannose (N-acetyl-L-perosamine, 1-Rhap4NAc). The following structures
of the O-polysaccharides (O-PS 1 and O-PS 2) were established: O-PS 1: —2)-x-L-Rhap4NAc-(1—;
O-PS 2: —2)-a-L-Rhap4NAc-(1—3)-a-L-Rhap4NAc-(1—3)-x-L-Rhap4NAc-(1—. Western blotting and
an enzyme-linked immunosorbent assay (ELISA) showed that the cross-reactivity between the LPS of
A. veronii bv. sobria K557 and the A. hydrophila JCM 3968 O6 antiserum, and vice versa, is caused by the
occurrence of common «-L-Rhap4NAc-(1—-2)-x-L-Rhap4NAc and «-L-Rhap4NAc-(1—3)-a-L-Rhap4NAc
disaccharides, whereas an additional —4)-x-p-GalpNAc-associated epitope defines the specificity of
the O6 reference antiserum. Investigations of the serological and structural similarities and differences
in the O-antigens provide knowledge of the immunospecificity of Aeromonas bacteria and are relevant
in epidemiological studies and for the elucidation of the routes of transmission and relationships
with pathogenicity.

Keywords: Aeromonas; fish pathogen; lipopolysaccharide (LPS); structure; O-antigen; O-polysaccharide;
L-perosamine; immunospecificity; NMR spectroscopy; mass spectrometry

1. Introduction

The genus Aeromonas, which belongs to the family Aeromonadaceae along with four other genera
Telumonas, Oceanimonas, Oceanisphaera and Zobellella, is composed of a large number of species classified
within 17 DNA-hybridization groups (HG) or genomospecies, and 14 phenospecies [1-5]. These
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Gram-negative rods are typically found in aquatic environments, e.g., freshwater, estuarine and coastal
water, seawater, drinking water supplies, polluted waters, marine, and freshwater sediment and sand.
Aeromonads have also been isolated from animals, food, and various clinical samples. Most frequently,
Aeromonas spp. strains are pathogenic to poikilothermic animals including amphibians, fish, and
reptiles. They also can be associated with infections of birds and mammals [4-6]. In fish, non-motile
psychrophilic species of Aeromonas salmonicida subsp. salmonicida are pathogenic to Salmonidae,
provoking systemic furunculosis [7,8]. In turn, the representatives of Aeromonas hydrophila, Aeromonas
bestiarum, Aeromonas salmonicida, Aeromonas jandaei, and Aeromonas veronii bv. sobria have been described
as causative agents of diseases in a variety of fish species. These include motile Aeromonas septicemia
(MAS), clinical conditions associated with systemic infection resulting in high mortality rates and
severe economic losses in aquacultures, and a chronic type of disease called motile Aeromonas
infection (MAI) causing erosion of fins, skin lesions, and ulcerations [9-12]. The mesophilic and
motile A. veronii, A. hydrophila, A. caviae and A. schubertii species are potentially pathogenic to humans.
Immunocompromised patients and children are especially vulnerable. Clinical presentations include
gastroenteritis, wound infections, biliary tract infections, pneumonia, meningitis, septic arthritis, or
septicemia without an obvious focus of infection [4,13-16].

The pathogenicity of Aeromonas is determined by their ability to produce extracellularly secreted
enzymes and toxins i.e., hemolysins, cytotonic and cytotoxic enterotoxins, proteases, lipases, gelatinases,
and leucocidins, which play an important role in both the initial steps and spread of the infection
process. Moreover, cell-surface constituents, including outer membrane proteins, S-layers, surface
polysaccharides (capsule, lipopolysaccharide, and glucan), flagella, and pili, have been identified as
important compounds associated with Aeromonas virulence [4,10,17-19].

Lipopolysaccharide (LPS) is the dominant glycolipid in the outer leaflet of the outer membrane of
Gram-negative bacteria, which mediates their virulence. The high-molecular-weight S-LPS glycoforms
have a tripartite structure comprising lipid A, core oligosaccharide, which together with lipid A
contributes to maintenance of the integrity of the outer membrane, and the O-specific polysaccharide
(O-PS), which is connected to the core and most frequently consists of a heteropolymer composed
of repeating oligosaccharide units [20-23]. The O-specific polysaccharide is a surface antigen called
the somatic O-antigen, whose high degree of diversity determines the specificity of each bacterium
and gives the basis for their serological classification. Serotyping to identify bacterial strains is
invaluable for epidemiological investigations since many O-serotypes are associated with specific
disease syndromes [21,24].

Aeromonas strains are serologically heterogeneous and they have been characterized and classified
based on O-antigens into 44 serogroups using the NIH scheme (National Institute of Health, Japan)
proposed by Sakazaki and Shimada [25], which can be further extended to 97 O serogroups after
inclusion of provisional new serogroups [26]. The variants of the O-specific polysaccharide, which
represents a specific antigenic fingerprint for bacteria, might be very useful, e.g., for identification
of Aeromonas strains eliciting infections in farmed fish and for diagnosis of etiological agents of
gastrointestinal infections in humans.

Despite the large antigenic diversity of Aeromonas, only several serogroups i.e., O11, 016, O18,
and O34 (NIH scheme) have been reported, most frequently, as predominating especially in clinical
specimens. These O-serotypes of mesophilic Aeromonas were associated with most cases of bacteremia,
suggesting their role in the pathogenesis of some systemic diseases [4].

As shown in previous reports, the distribution of the serogroups of Aeromonas strains may
be related to geographic location [27,28]. Such differences in the occurrence of Aeromonas species
serogroups were associated with outbreaks of septicemia in fish. Strains belonging to serogroup O14
have been identified as pathogens of European eels [29]. As revealed in recently published studies by
Koziniska and Pekala [28], the majority of isolates that are pathogenic to carp in Polish aquacultures
represented serogroups O3, 06, 041, PGO4, and PGO6, whereas serogroups O11, O16, O18, O33,
PGO1, and PGO2 dominated among both carp and trout isolates. In turn, motile aeromonas septicemia
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(MAS) incidences in rainbow trout have been related to the strains of serogroups 011, 016, O34, and
014. Moreover, pathogenic isolates of two species: Aeromonas veronii bv. sobria and Aeromonas sobria
were mainly classified within the O6 serogroup.

The A. veronii species, originally described by Hickman-Brenner et al. [30] as a novel member of
the genus, is commonly associated with diarrhea. Nevertheless, this species, which consists of two
biovars, A. veronii bv. sobria, which is negative for aesculin hydrolysis and ornithine decarboxylase,
and A. veronii bv. veronii, which is positive for these reactions [15,31], is commonly known as a fish
pathogen associated mainly with ulcerative syndrome [32,33]. It is worth emphasizing that A. veroni
bv. sobria was one of the dominant species among carp isolates collected during 5 years in Polish
culture facilities, and 76% of these isolates were classified as virulent [28]. In the light of the increased
Aeromonas infection incidence rate and the economic importance of these diseases in cultured fish, it is
essential to characterize virulence factors associated with the pathogenesis of this species, particularly
including LPS, which is the major surface glycoconjugate of Gram-negative bacteria. Recently, two
new structures of O-antigens were established for the species A. veronii bv. sobria and A. sobria [34,35].

Here we report immunochemical investigation of LPS, especially the O-specific polysaccharide
of A. veronii bv. sobria strain K557, which was isolated from the common carp (Cyprinus carpio
L.) during an outbreak of motile aeromonad infection/motile aeromonad septicemia (MAI/MAS)
on a Polish fish farm [28,36]. The structural characterization revealed that the O-antigen was
composed of two O-polysaccharides, both containing a unique sugar 4-amino-4,6-dideoxy-L-mannose
(N-acetyl-L-perosamine, L-Rhap4NAc). Serological studies using Western blotting and an enzyme-linked
immunosorbent assay (ELISA) with intact and adsorbed O-antisera showed that the O-antigen of
A. veronii bv. sobria strain K557 is related but not identical to that of A. hydrophila JCM 3968 O6, which
is a reference strain for Aeromonas serogroup O6 [37].

2. Results

2.1. Bacterial Cultivation, Isolation of LPS, and SDS-PAGE Study

Cells of Aeromonas veronii bv. sobria strain K557 were extracted with hot aqueous 45% phenol [38],
and LPS species were harvested from the phenol phase in a yield of 3.9% of the bacterial cell mass.
SDS-PAGE analysis of the LPS followed by silver staining showed a pattern typical for LPS isolated
from smooth bacterial cells (Figure 1) with the content of both slow-migrating high-molecular-weight
(HMW) S-LPS species and fast-migrating low-molecular-weight R-LPS glycoforms. Moreover, the
electrophoregram indicated that the studied S-LPS contained molecules where the core oligosaccharides
were substituted with shorter O-chains in comparison to the LPS species of A. hydrophila JCM 3968, O6.

1 2 3

S-LPS

“he -

Figure 1. Silver-stained SDS-PAGE of the LPS of A. veronii bv. sobria strain K557 (lane 2, 2 pug),
A. hydrophila JCM 3968, O6 (lane 3, 2 ug), and Salmonella enterica sv. Typhimurium (Sigma-Aldrich,
St. Louis, MO, USA) as a reference (lane 1, 2 ug). R-LPS and S-LPS species are indicated.
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2.2. Serological Studies of the A. veronii bv. sobria K557 O-antigen

A.veroniibv. sobria strain K557 was serologically typed by agglutination tests using heat-inactivated
bacteria and antisera for 44 defined Aeromonas O-serogroups (NIH system) and 20 provisional
serogroups (PGO1-PGO20) for selected Polish isolates and classified as a representative of the
Aeromonas serogroup O6 [28,36].

The LPS preparations from A. veronii bv. sobria strain K557 and A. hydrophila JCM 3968, which
is the reference strain to serogroup O6, were studied by Western blotting and ELISA with intact and
adsorbed polyclonal rabbit O-antisera.

In Western blot, the reference antiserum O6 recognized electrophoretically separated LPS molecules
of both strains (Figure 2a). Strong reaction to slow-migrating bands corresponding to the O-PS
containing LPS species was observed and suggested that the O-antigens shared common epitopes.
Additionally, the stained bands of fast-migrating R-LPS molecules may indicate similarities in the core
region of the studied strains. In turn, the other Western blot (Figure 2b) with A. veronii bv. sobria K557
O-antiserum revealed the recognition of antigenic determinants within LPS molecules of both A. veronii
bv. sobria K557 and A. hydrophila JCM 3968 strains; however, the cross-reaction with the heterologous
LPS was weaker than in the homologous system.

a) b)

-

Figure 2. Western blots of lipopolysaccharides after SDS-PAGE with the intact reference O6 (a) and
anti-K557 O-antisera (b). Lanes: 1, LPS of A. veronii bv. sobria strain K557; 2, LPS of A. hydrophila strain
JCM 3968.

Accordingly, in ELISA (Table 1), the rabbit polyclonal O antiserum specific for A. hydrophila JCM
3968 O6 reacted strongly with the homologous LPS, and cross-reaction was observed with the LPS
of A. veronii bv. sobria strain K557 to the lower titer of 1:64,000. In turn, the polyclonal O-antiserum
against A. veronii bv. sobria strain K557 revealed reactions at the same level as both the homologous
and heterologous LPS samples. The O6 reference antiserum revealed stronger reactivity than the
K557-specific one, as demonstrated by the Western blotting results.

Adsorption of the antiserum specific for the A. veronii bv. sobria K557 O-antigen with A. hydrophila
strain JCM 3968 O6 cells totally abolished the reactivity of this antiserum with both LPS preparations.
The opposite reaction, i.e., adsorption of the reference O6 antiserum with the A. veronii bv. sobria
K557 cells, only decreased its reactivity in the homologous system, whereas there was no reaction
of the adsorbed O6 antiserum with A. veronii bv. sobria K557 LPS. The latter findings indicated that
the adsorption process was complete and resulted in the removal of anti-K557 antibodies from the
reference O6 antiserum. The remaining antibodies, strongly reacting with the homologous O6 LPS,
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were most probably specific to an additional epitope characteristic for the A. hydrophila JCM 3968
O6 antigen.

Table 1. Reactivity (reciprocal titers) of the studied antisera (intact or adsorbed) with the LPS
preparations from the A. hydrophila JCM 3968 and A. veronii bv. sobria K557 strains.

Serum Specific to Strain JCM 3968 LPS K557 LPS
JCM 3968 intact 1,024,000 64,000
K557 adsorbed 256,000 <1000
K557 intact 64,000 64,000
JCM 3968 adsorbed <1000 <1000

These data indicated that the reference O6 antiserum and the A. veronii bv. sobria K557 O-antiserum
shared common antibodies but the reference one contained additional immunoglobulins recognizing
structural determinants that were not present in the A. veronii bv. sobria K557 O-antigen.

Therefore, detailed chemical analyses were performed to establish the structure of the A. veronii
bv. sobria strain K557 O-PS.

2.3. Chemical and Mass Spectrometry Analyses of LPS

Compositional analysis of the degraded polysaccharide (dgPS) liberated from the phenol-soluble
LPS was performed using GLC-MS of alditol acetates. It showed the presence of p-glucose (p-Glc),
p-galactose (p-Gal), 2-amino-2-deoxy-p-glucose (p-GlcN), p-glycero-p-manno-heptose (p,p-Hep), and
L-glycero-p-manno-heptose (L,0-Hep) in a ratio of 1.0 : 1.2: 1.3 : 1.5 : 3.8 as the core oligosaccharide
components. The chemical analysis also revealed 6-deoxymannose (Rha), 2-amino-2,6-dideoxyglucose
(QuiN), and 4-amino-4,6-dideoxyhexose (identified as Rha4N, see Section 2.4.). Rha4N was found as the
main component of the O-polysaccharide part (see Section 2.4.). Kdo (3-deoxy-p-manno-2-octulosonic
acid)—the only acidic sugar—was found in the LPS after treatment of the LPS with 48% aqueous HF
(hydrofluoric acid), which suggested its phosphorylation [37,39,40]. The GLC-MS analysis of fatty
acids as methyl esters and O-TMS derivatives revealed that 3-hydroxytetradecanoic [14:0(3-OH)],
3-hydroxyisopentadecanoic [i15:0(3-OH)], as well as dodecanoic (12:0) and tetradecanoic (14:0) acids,
were the most abundant species in a ratio of 6.3 : 2.4 : 1.5: 1.0. GlcN was identified as the sugar
component of lipid A.

The negative ion matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrum of the A. veronii bv. sobria K557 lipopolysaccharide (Figure 3) showed the most intensive
signals in the m/z range 1600-2000, which were attributable to a lipid A and a core oligosaccharide
species (Y- and C-type fragment ions) arising from an in-source fragmentation at the glycosidic bond
between the Kdo and the lipid A [41]. The ions at m/z 1768.17, 1796.19, and 1824.22 originated
from hexaacylated lipid A species (Y-fragment ions) [37]. The ion at m/z 1824.22 represented a
variant of lipid A, where the diglucosaminyl backbone bisphosphorylated at O-1 and O-4" was
substituted by four 3-hydroxytetradecanoic acids 14:0(3-OH) and two tetradecanoic acids 14:0, instead
of two dodecanoic acids 12:0, compared with the ion at m/z 1768.17. In turn, the ion at m/z 1796.19
contained a sugar backbone acylated by three, instead of four, 3-hydroxytetradecanoic acids, one
3-hydroxyisopentadecanoic acid, and two dodecanoic acids. The composition of the ions is shown in
Table 2.

The ions at m/z 1954.5 and 1874.5 (C-fragment ions) were assigned to the core oligosaccharide
with the following composition: HepgHex,HexN1Kdo. The mass difference between the ions of 80
amu corresponded to species containing phosphorylated and dephosphorylated variants of the core
oligosaccharide, respectively.
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Figure 3. MALDI-TOF mass spectrum (negative ion mode) of the LPS of A. veronii bv. sobria strain
K557. The notations indicate: 28 u—differences in (CHy); in the fatty acid chain length; 44 u—loss of

COy; 80 u—loss of phosphate; LpAy,,, - hexaacylated lipid A; Core OS—core oligosaccharide.

Table 2. Composition of the main species present in the negative ion MALDI-TOF mass spectrum of
the LPS of A. veronii bv. sobria strain K557.

[M-H]- [M - H]~- M . .

Observed Calculated Monoisotopic Assigned Composition

1768.178 1768.181 1769.188 HexN,P,[14:0(3-OH)]4(12:0),
1796.194 1796.139 1797.146 HexN,P,[14:0(3-OH)]5[i15:0(3-OH)](12:0),
1824.224 1824.243 1825.250 HexN,P;[14:0(3-OH)]4(14:0),
1830.535 1830.626 1831.633 HepgHex;HexNj Kdo-COO
1874.542 1874.616 1875.624 HepgHex,HexNj Kdo

1910.519 1910.593 1911.600 [HepgHex,HexN; KdoP]-COO
1954.556 1954.583 1955.599 HepgHex,HexN;KdoP

2.4. Structural Studies of O-polysaccharide (O-PS)

The O-PS was released from phenol-soluble LPS by mild-acid degradation followed by
gel-permeation-chromatography (GPC) on Sephadex G-50 fine to give a high-molecular-weight
O-polysaccharide with the yield of 33% of the LPS mass. GLC-MS sugar analysis of alditol
acetates obtained after full acid hydrolysis of the O-PS showed the presence of rhamnose and
4-amino-4,6-dideoxymannose (Rha4N) in a peak area ratio ~1: 28.4. Other compounds detected in a
small amount (below 10 %) in the GLC chromatogram of the A. veronii bv. sobria K557 O-PS, i.e., Glc,
Gal and two heptose isomers (p,p-Hep and r,0-Hep), represented the core oligosaccharide sugars

Determination of the absolute configurations of the monosaccharides by GLC of the acetylated
(5)- and (SR)-2-octyl glycosides [42] showed that Rha4N had the L configuration. Samples from the
O-polysaccharide of Citrobacter gillenii O9a,9b [43] and the O-PS of A. hydrophila JCM 3968 [37] were
used as a reference standard of p-Rha4N and r-Rha4N, respectively.

The methylation analysis of the O-PS by GLC-MS of partially methylated alditol
acetates resulted in the identification of 4,6-dideoxy-3-O-methyl-4-(N-methyl)acetamidohexose
(derived from 2-substituted Rha4N), and 4,6-dideoxy-2-O-methyl-4-(N-methyl)acetamidohexose
(derived from 3-substituted Rha4N). The EI (electron impact) mass spectrum (Figure 4) of
4,6-dideoxy-2-O-methyl-4-(N-methyl)acetamidomannose was characterized by the presence of intense
ion peaks at m/z 118 (C-1 + C2 fragment), 275 (C-1 + C4 fragment), and 172 (C-4 + C6 fragment), and
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allowed distinguishing this derivative from 4,6-dideoxy-3-O-methyl-4-(N-methyl)acetamidomannose,
whose EI mass spectrum contained ions at m/z 190, 275, and 172 characteristic of the C-1 + C3, C-1 +

C4, and C-4 + C6 primary fragments, respectively.
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Figure 4. EI (electron impact) mass spectra and fragmentation pathways of 1,3,5-tri-O-acetyl-4,6-
dideoxy-2-O-methyl-4-(N-methyl)acetamido)-mannitol-1-d (a) and 1,2,5-tri-O-acetyl-4,6-dideoxy-3-O-
methyl-4-(N-methyl)acetamido)-mannitol-1-d (b) obtained from the O-PS of A. veronii bv. sobria strain
K557. Diagnostic primary and secondary fragment ions are indicated. The mass difference 42, 60, or 32
indicates loss of chetene, acetic acid, or methanol, respectively.

The low-field region of the 'H NMR spectrum of the O-polysaccharide (Figure 5) contained one
major and three minor signals for anomeric protons at 6 5.18, 5.04, 5.00, and 4.97. The high-field region
of the spectrum included signals for N-acetyl groups at & 2.07, CH3-C groups of 6-deoxy sugars in the
range of § 1.21-1.24. The 'H and '3C resonances of the O-PS of A. veronii bv. sobria K557 were assigned
using 2D homonuclear H,'H DQF-COSY, TOCSY, NOESY, heteronuclear 'H,3C HSQC, and HMBC
experiments. The 'H and '3C NMR data are collected in Table 3.
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Figure 5. "H NMR spectrum of the O-PS of A. veronii bv. sobria strain K557. The spectrum was recorded
in D,O at 32 °C at 500 MHz. Capital letters and Arabic numerals refer to atoms in the sugar residues
denoted as shown in Table 3. NAc—N-acetyl groups, IS—acetone as an internal standard (5y 2.225),
asterisk—free acetic acid.

Table 3. 'H (500 MHz) and 3C NMR (125 MHz) data (5, ppm) for the O-PS of A. veronii bv. sobria
strain K557.

Chemical Shifts (5, ppm)
H-1C-1 H-2C-2 H-3C-3 H-4 C-4 H-5C-5 H-6 C-6

Sugar Residue

SOeRpNACIS A s gy ss e
SReRpNACIS BBt gy gr s e
SOerRNACS C k7 s s s 1w
ShecRpiNACS DGk 0 s s

Chemical shifts for NAc are 8y 2.07 and 8¢ 23.4 (CH3) and 176.0 (CO).

The 'H,'"H TOCSY, and DQF-COSY spectra revealed one major and three minor spin systems
for monosaccharide residues, which were labelled A-D in the order of the decreasing chemical shifts
of their anomeric protons. The high-field positions of H-6 (5 1.21-1.24) and C-6 (5 18.2) resonances
and the values of vicinal coupling constants 37 12 (~2Hz), 37 34 (8.5 Hz), 3 J45 (9 Hz), and 3 5,6 (6 Hz)
characteristic for manno-pyranose allowed assigning all the A, B, C, and D spin systems (H-1/C-1
cross-peaks at 6 5.18/101.7, 5.04/102.1, 5.0/103.3, and 4.97/103.5, respectively) to Rha4NAc residues.
The latter conclusion was confirmed by the correlation signals at & 3.93/54.3 (the major one), 3.87/54.3,
3.94/53.2, and 4.00/53.2 observed in the 1H,3C HSQC spectrum (Figure 6), which indicated that the
O-PS contains N-acetamido sugar.
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Figure 6. Part of a 'H,'3C HSQC spectrum (500 x 125 MHz) of the O-PS of A. veronii bv. sobria strain
K557. The spectrum was recorded at 32 °C in D,O as a solvent. Capital letters and Arabic numerals
refer to atoms in sugar residues denoted as shown in Table 3.

In the TOCSY spectrum, at the H-1 coordinate, the cross-peaks with H-2-H-5 were visible for
Rha4NAc A, but only one cross-peak with H-2 for Rha4NAc B, and two ones with H-2 and H-3
for Rha4NAc C and D. In turn, starting from the H-2 proton signal, cross-peaks with H-3-H-6 were
visible for all spin systems; however, some signals overlapped. The 'H,'H COSY spectrum allowed
unambiguous differentiation between protons within the spin system A and only partly resolved the
cross-peaks for the Rha4NAc B, C and D. The difficulties in the assignment of the H-3, H-4, and H-5 of
Rha4NAc B, C and D were overcome in the 'H,'*C HMBC and 'H, 13C HSQC experiments.

The 13C NMR resonances of e.g., Rha4NAc C were assigned by the long-range H-6/C-4 and H-6/C-5
correlations at 6 1.24/53.2 and 1.24/69.5, and then the C-4/H-3 and C-4/H-2 correlations at 6 53.2/3.93 and
53.2/3.87, respectively, in the 1H,13C HMBC spectrum. In the TH,13C HSQC spectrum, the cross-peak
of the proton at the nitrogen-bearing carbon to the corresponding carbon at § 4.00/53.2 was assigned
to the H-4/C-4 correlation of Rha4NAc C. Moreover, in the 'H,'3C HMBC spectrum, correlations of
the anomeric proton with carbons C-2 and C-5 were found, and then the proton resonances were
assigned from the 'H,'3C HSQC spectrum. Similar long-range correlations were searched during
identification of H-3, H-4 and H-5 proton signals of Rha4NAc B and D. The chemical shifts of the C-2
signal of Rha4NAc B and the C-3 signals of Rha4NAc C and D were confirmed after consideration of
the methylation analysis data.

The x-configuration of all Rha4NAc residues was inferred from the relatively high-field position
of the C-5 signals at 6 69.5-69.7 for the residues in the O-polysaccharides, compared with & 68.6 and &
72.4 for x-Rha4NAc and 3-Rha4NAc, respectively [44,45].

The correlation signals between H-4 of all the Rha4NAc residues and carbonyl group signals at 5c
176.0 and between the latter and methyl proton signals at 8y 2.07, which were observed in the 'H,'3C
HMBC spectrum, confirmed that the residues building the O-PS were N-acetylated.
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The positions of glycosylation were determined by downfield shifted signals of carbon atoms C-2
for residues Rha4NAc A (5 78.3) and B (6 79.8), and C-3 for Rha4NAc C (5 78.3) and D (5 78.4), compared
with their positions in the spectra of the corresponding non-substituted monosaccharides [44—46].

In the NOESY spectrum (Figure 7), intraresidue H-1/H-2 and interresidue H-1/H-5 correlations at
5 5.18/4.16 and 6 5.18/3.85, respectively, typical of a-(1—2)-linked sugars with the manno configuration,
indicated that the Rha4NAc A residues constitute the main O-polysaccharide (O-PS 1) being the
homopolymer [47]. In turn, in the spectrum inter-residue NOE contacts were observed for protons of
residues B—C, C—D, and D—B. The following correlations between the anomeric protons and protons
at the linkage carbons: Rhap4NAc B H-1/Rhap4NAc C H-3 at § 5.04/3.93; Rhap4NAc C H-1/Rhap4NAc
D H-3 at 6 5.00/3.99; Rhap4dNAc D H-1/Rhap4NAc B H-2 at  4.97/3.81 demonstrated that the other
O-polysaccharide (O-PS 2) is a heteropolymer with a trisaccharide repeating unit (Figure 7, Table 3).

AH1
Al
A
J\ B1 C1 D1 JL
A
S\ AM BH1 CHI
— — D H1
) SN AN
f S / a7
L By BHIBH? DHIBH2 |
. r AH1A H5 . £
LE;; ‘ Ny ot @/ £
AHUAHA [ ® ;
~ ) N Fao
{ M cwewe
Fas 7/ W Eao
g | AHVAM . BHICH] N E g
;;ﬁ b 0 cHUDH |,
. =2 @ E
e 50 / v LN 42
® o AH1/A H2 y E
c - AH1UAH2 DHIDH2
‘& @ ! Ea3

T
50 45 4.0 ppm 535 525 515 505 495 ppm

Figure 7. Parts of 'H,'H NOESY and 'H NMR (insert) spectra of the O-PS of A. veronii bv. sobria strain
K557. The map shows NOE contacts between anomeric protons and protons at the glycosidic linkages
(underlined). Some other H/H correlations are depicted as well. Capital letters and Arabic numerals
refer to atoms in the sugars denoted as shown in Table 3.

The sequence of monosaccharides in the repeating unit of O-PS 2 was confirmed, in the IH,13¢C
HMBC spectrum (Figure 8), by the following inter-glycosidic cross-peaks: B H-1/C C-3 at 5 5.04/78.3; C
H-1/D H-3 at 4 5.00/78.4; D H-1/B H-2 at 5 4.97/79.8.
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Figure 8. Regions of the 'H,'3C HMBC spectrum of the O-PS of A. veronii bv. sobria strain K557. The
maps show heteronuclear correlations for (a) anomeric protons, and (b) H-6 protons. Interresidue
correlations between anomeric protons and carbons at the glycosidic linkages are underlined. Some
other H/C correlations are depicted as well. Capital letters and Arabic numerals refer to protons or
carbons in the sugar residues denoted as shown in Table 3.

In conclusion, the O-antigen of A. veronii bv. sobria K557, O6 consists of two structurally
different O-polysaccharides, both containing only 1-Rha4NAc residues. One of them (O-PS 1) is
an o-(1—2)-linked homopolymer of L-Rha4NAc. The other polysaccharide, O-PS 2, is built up of
trisaccharide repeating units composed of one x-(1—2)-, and two x-(1—3)-linked L-Rhap4NAc residues.

As judged by the comparison of the integral intensities of the H-1 proton signals, the content
of O-PS 1 in the O-antigen of A. veronii bv. sobria K557 was predominant and was estimated at
approximately 64%.

Based on the composition and methylation analyses as well as the NMR data, the following
structures of the O-polysaccharides have been established:

O-PS1 —2)-&-L-Rhap4NAc-(1—

A
O-PS2 —2)-a-L-Rhap4NAc-(1—-3)-o-L-Rhap4NAc-(1—3)-«-L-Rhap4NAc-(1—
B C D

The structure of the A. veronii bv. sobria K557 O-antigen is similar but not identical to the
recently published O-PS of Aeromonas hydrophila JCM 3968, O6, which consisted of two structurally
different O-polysaccharides as well (Figure 9). One of them (O-PS 1) was a heteropolymer built up of
trisaccharide repeating units composed of one 4-substituted a-p-GalpNAc and two «-(1—3)-linked
L-Rhap4NAc residues. The other polysaccharide, O-PS 2, was an «-(1—2)-linked homopolymer of
L-RhadNAc [37].

The serological results (Western blotting and ELISA) allowed recognition of structural determinants
that are most probably responsible for antibody binding (putative epitopes). The occurrence of common
a-L-Rhap4NAc-(1—-2)-a-L-RhapdNAc and «-L-Rhap4NAc-(1—3)-x-L-Rhap4NAc disaccharides is
sufficient for providing cross-reactivity between the A. hydrophila JCM 3968 O6 antiserum and
the LPS of A. veronii bv. sobria K557 and a similar reaction in an opposite system.
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On the other hand, an additional epitope (epitopes) most probably related to a 4-substituted
a-p-GalpNAc residue or a —4)-a-p-GalpNAc-(1—3)-x-L-Rhap4NAc disaccharide fragment, which has
not been found in the O-antigen studied here, determines the specificity of the A. hydrophila JCM 3968
06 serotype. This putative epitope (epitopes) seems to play an important role in the immunospecificity
of the reference O6 antiserum (Figure 9).

Based on the data obtained, we suggest the division of the O6 serogroup into two
subgroups: serogroup O6a for strains that share a-L-Rhap4NAc-(1—-2)-a-L-Rhap4dNAc and
a-L-Rhap4NAc-(1—-3)-x-L-Rhap4NAc disaccharides and an additional —4)-x-p-GalpNAc-associated
epitope, and the other serogroup O6b deprived of the latter structural fragment in the O-antigen, with
strain A. veronii bv. sobria K557 as a representative of the new subgroup.

Aeromonas hydrophila JCM 3968, O6a (Dworaczek et al. 2019)
O-PS1 —3)-0-L-Rhap4NAc-(1—4)-a-D-GalpNAc-(1—3)-o-L-Rhap4NAc-(1—

O-PS 2 —2)-0-L-Rhap4NAc-(1—

Aeromonas veronii bv. sobria K557, O6b (this work)
O-PS 1 —2)-0-L-Rhap4NAc-(1—

O-PS 2 —2)-0-L-Rhap4NAc-(1—-3)-0-L-Rhap4NAc-(1—-3)-0-L-Rhap4NAc-(1—

Figure 9. Structures of the O6a and O6b antigens repeating units. The additional sugar residue
characteristic for serotype O6a and not defined in serotype O6b is shown in bold type.

3. Discussion

Almost every year, health disorders in freshwater fish are recorded on many farms in Poland.
Although the development of a particular fish disease depends largely on climate conditions prevailing
in a given zone and region, infections caused by Aeromonas spp. are the most common among bacterial
fish diseases. As demonstrated recently by data collected during the last several years in Poland by
Pekala-Safiriska, health disorders caused by Aeromonas species were mostly observed in carp (Cyprinus
carpio L.) and were usually manifested by skin lesions (MAI) in the form of ulceration as well as fish
mortalities [48].

Previous studies performed on 558 isolates of mesophilic Aeromonas collected during 5 years in
Polish culture facilities, among which 427 isolates were obtained from common carp and 121 from
rainbow trout, revealed predominant occurrence of A. veronii bv. sobria, A. sobria and A. salmonicida
species. In turn, A. veroni bv. sobria A. bestiarum and A. salmonicida were most frequently identified in
both carp and trout samples; A. veroni bv. sobria was one of the dominant species only among carp
isolates, and which is worth emphasizing, almost 80% of these isolates were classified as virulent [28,36].
Serological typing of all collected isolates using 44 antisera of the NIH scheme extended by 20 provisional
serogroups for selected Polish isolates showed that O6 was one of the five most commonly identified
serogroups, especially among carp isolates, and the other ones were O11, PGO1, O16, and O18. The
report mentioned above also showed that, with the use of the antisera for serogroups from O45 to
096, there was little possibility for Aeromonas typing, since these groups occur rather rarely among fish
isolates, especially in Polish aquacultures. In turn, when the 44 antisera of the NIH scheme were used,
about 53% isolates were positively classified to appropriate somatic serotypes and this increased to
about 88% when the NIH collection was extended by the sera for provisional serogroups of Polish
origin [28,36]. Therefore, to obtain the most positive serotyping results, the postulate to include new
provisional antisera against strains occurring in a given area and thus to extend the collection of
antisera seems reasonable.
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The inland aquaculture sector in Poland is mainly based on the culture of two species of freshwater
fish - carp (49% of total production in 2015) and rainbow trout (38% of total production in 2015) [49];
thus, the lack of a commercially available vaccine dedicated to carp seems to be alarming. The most
effective prevention of fish disease should involve immunoprophylaxis based on auto-vaccines chosen
according to the needs of culture facilities and prepared from bacterial strains isolated from the fish
or even the entire region. Auto-vaccines are confirmed to be highly effective against conditionally
pathogenic microorganisms like Aeromonas sp., Yersinia ruckeri, and Pseudomonas sp. [50-53]. According
to recently published studies, a vaccine containing whole cells and LPS of Aeromonas sp. seems to
protect fish against MAS disease [54-56]. However, to avoid a failure of implemented prophylactic
programs based on auto-vaccination, the serological and structural similarities and differences in
O-chain polysaccharides in various serogroups and strains, which contribute to the immunospecificity
of Aeromonas, should be carried out [57].

Here, the immunochemical investigation of LPS, especially the O-specific polysaccharide of
A. veronii bv. sobria strain K557 were performed. SDS-PAGE and Western blotting revealed that the
LPS-glycoforms of A. veronii bv. sobria K557 contained shorter O-chains than those of A. hydrophila
JCM 3968; however, these molecules represented S-LPS species rather with the prevalence of the
intermediate length O-antigen chains. In a recent study, Osawa et al. reported that the lengths of the
E. coli O157 antigen could be modulated by wzz gene mutations and it has been shown that strains
with long, intermediate, and short O-antigens vary in sensitivity to serum complement. The greater
resistance of strains with intermediate and/or long length O-antigen chains to serum complement lysis
than those with short O-chains is likely to have been optimized for pathogenesis during evolution [58].

Moreover, we established the structure of the O-antigen of A. veronii bv. sobria strain K557,
and found that it consisted of two different O-polysaccharides. The serological studies indicated
that the O-PS of A. veronii bv. sobria strain K557 is closely related but not identical to the O-antigen
of A. hydrophila strain JCM 3968, which is a reference strain to Aeromonas serogroup O6. Another
peculiar characteristic of both O-PSs is the presence of 4-amino-4,6-dideoxy-L-mannose (L-Rha4N,
L-perosamine), quite an unusual amino sugar, for the first time identified as a compound building the
O-antigen of A. hydrophila strain JCM 3968, O6 [37]. This is the second work that shows the occurrence
of L-perosamine as a component of bacterial O-polysaccharides.

The chemical and mass spectrometry analyses of the phenol-soluble LPS of A. veronii bv. sobria
strain K557 demonstrated the LPS glycoforms had hexaacylated lipid A species with a conserved
architecture and a backbone composed of 1,4’-bisphosphorylated-B-(1—6)-linked-p-GlcN disaccharide.
The residues of 3-hydroxytetradecanoate were predominant among fatty acids, similarly as previously
reported for A. hydrophila [37]. However, some differences were found in the acylation profile of lipid
A species, in comparison to those of A. bestiarum [59]. Amongst the ester-linked saturated fatty acids,
not only dodecanoic (12:0) but also tetradecanoic (14:0) residues were found. The latter fatty acids
were also detected in the lipid A of A. veronii strain Bs19, O16 [60].

The compositional analysis of the core oligosaccharide revealed two isomers of heptose (p,p-Hep
and r,p0-Hep), and MALDI-TOF MS confirmed that the core decasaccharide, with the following
composition: HepgHex,HexN;Kdoj Py, has a structure shared by the LPS core regions of the A. hydrophila
and A. bestiarum species [37,59]. Interestingly, the mass spectrum of the core OS of A. hydrophila
JCM 3968, which was isolated from R-LPS molecules after mild acid hydrolysis and separation
by gel-permeation-chromatography, showed an ion at m/z 1856.59, which corresponded to the
dephosphorylated core variant with the composition HepgHex,HexN1Kdo,,;. On the other hand,
the structure of the core OS in the SR-LPS molecules of A. hydrophila JCM 3968 was slightly different:
HepcHex;HexN1HexNAc;Kdo Py [37]. In these species, the O-antigen was linked to the GalNAc
residue, whereas in the rough R-LPS glycoforms, the galactose appeared to be a terminal outer core
sugar, similarly as has been established for the core OS of the rough mutant strain of A. hydrophila
AH-3, 034 [39].
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In conclusion, the immunochemical studies of LPS, which is a glycolipid characterized by
high heterogeneity amongst Aeromonas sp. bacteria, may facilitate selection of vaccine strains
suitable for immunoprophylaxis of MAI/MAS diseases. The O-antigen of A. veronii bv. sobria
strain K557, serotype 06, studied here is composed of two O-polysaccharides, both containing a
unique sugar 4-amino-4,6-dideoxy-L-mannose (N-acetyl-L-perosamine, 1-Rhap4NAc). The major
O-polysaccharide (O-PS 1) is built up of an a1—2 linked of L-Rhap4NAc, whereas the other one, O-PS
2, has trisaccharide repeating units composed of a1—2 and «1—3 linked L-Rhap4NAc residues. The
serological studies confirmed the structural analyses and showed that the O-antigens of A. veronii
bv. sobria K557, i.e., the strain isolated from the common carp during an outbreak of MAI/MAS
on a Polish fish farm, and A. hydrophila JCM 3968, represent the same Aeromonas serogroup O6
and are closely related but not identical. The recently studied O-antigen of A. hydrophila JCM 3968,
O6 consisted of two structurally different O-polysaccharides. One of them was a heteropolymer
built up of trisaccharide repeating units composed of one x-p-GalpNAc and two «-(1—3)-linked
L-Rhap4NAcresidues. The other O-polysaccharide was an a-(1—2)-linked homopolymer of L.-Rha4NAc.
The consideration of the serological results in view of the known O-antigen structures enabled
recognition of domains that could be responsible for antibody binding (putative epitopes). The
occurrence of common a-L-Rhap4NAc-(1—2)-a-L-Rhap4dNAc and a-1-Rhap4NAc-(1—3)-a-L-Rhap4NAc
disaccharides is sufficient for providing cross-reactivity between A. hydrophila JCM 3968 O6 antiserum
and the LPS of A. veronii bv. sobria 557, and vice versa. On the other hand, the additional epitope related
to a 4-substituted a-p-GalpNAc residue, which has not been found in the O-antigen studied here,
determines the specificity of the A. hydrophila JCM 3968 O6-serotype. This putative epitope seems to
play an important role in the immunospecificity of the reference O6 antiserum.

Therefore, based on the data obtained, we suggest division of the O6 serogroup into two
subgroups. The serogroup O6a includes strains that share «-L-Rhap4NAc-(1—2)-x-L-Rhap4NAc and
a-L-Rhap4NAc-(1—3)-o-L-Rhap4NAc disaccharides and an additional —4)-a-p-GalpNAc-associated
epitope. A. veronii bv. sobria strain K557 is a representative of the other subgroup O6b and its O-antigen
is deprived of the latter structural fragment.

4. Materials and Methods

4.1. Bacterial Strain, Cultivation Conditions, and Isolation of LPS

Aeromonas veronii strain K557 was isolated from a common carp during an outbreak of motile
aeromonad infection/motile aeromonad septicemia (MAI/MAS) on a Polish fish farm. The isolate was
identified to the species level by restriction analysis of 16S rRNA gene amplified by polymerase chain
reaction [28] and classified as Aeromonas veronii bv. sobria because of the positive reaction for arginine
dihydrolase, and negative reactions for ornithine decarboxylase and aesculin hydrolysis [30,31]. Based
on virulence-associated markers (hemolytic, gelatinolytic, and caseinolytic activities), strain K557 was
classified as virulent for fish. For the LPS analysis, A. veronii bv. sobria K557 bacterium was cultivated
with shaking (120 rpm) on tryptic soy broth (TSB) for 72 h at 28 °C. The cells were harvested by
low-speed centrifugation (8000x g, 20 min). The recovered bacterial cell pellet was washed twice with
0.85% saline and once more with distilled water.

The bacterial cells (5 g dry mass) were digested with lysozyme, RNAse, and DNAse (24 h, 1 mg/g)
and then with Proteinase K (36 h, 1 mg/g) in 50 mM phosphate buffer (pH 7.0) containing 5 mM
MgCl,. The suspension was dialyzed against distilled water and freeze-dried. The digested cells
were extracted three times with aqueous 45% phenol at 68 °C, [38] and the separated layers were
dialyzed against tap and distilled water. LPS species recovered from the phenol phase were purified
by ultracentrifugation at 105,000x g and freeze-dried to give a yield of 3.9% of dry bacterial cell mass.
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4.2. Degradation of LPS and Isolation of O-polysaccharide

The phenol-soluble S-LPS (110 mg) was hydrolyzed with aqueous 2.5% acetic acid at 100 °C for
3 h, and lipid A precipitate was removed by centrifugation. The supernatant was concentrated and
then fractionated by GPC on a column (1.8 x 80 cm) of Sephadex G-50 fine (Pharmacia, Sweden) using
1% acetic acid as the eluent and monitoring with a differential refractometer (Knauer, Berlin, Germany).
The yield of the O-PS fraction was 33% of the LPS mass subjected to hydrolysis.

4.3. Chemical Analyses

For neutral and amino sugar analysis, the LPS and O-PS samples were hydrolyzed with 2 M
CF3CO,H (100 °C, 4 h) or 10 M HCl for 30 min at 80 °C, respectively, and reduced with NaBDy; this
was followed by acetylation with a 1:1 (v/v) mixture of acetic anhydride and pyridine (85 °C, 0.5 h).

To release acidic sugar, LPS was dephosphorylated with 48% aqueous hydrofluoric acid, HF (4 °C,
18 h) and dried under vacuum over sodium hydroxide [40]. Methanolysis was performed with 1 M
MeOH/HCI (85 °C, 1 h), and the sample was extracted twice with hexane. The methanol layer was
concentrated and the residue was dried and acetylated. The monosaccharides were identified as alditol
and aminoalditol acetates [61] as well as acetylated methyl glycosides by GLC-MS.

For determination of the absolute configuration [42], the O-PS was subjected to 2-octanolysis
(300 puL (S)-(+)-2-octanol or (SR)-(+)-2-octanol and 20 uL acetyl chloride, 100 °C, 3 h); the products
were acetylated and analyzed by GLC-MS as above. A sample from the polysaccharide of Citrobacter
gillenii O9a,9b [43] was used as the reference standard of p-Rha4N (D-perosamine).

Methylation of the O-PS (1.0 mg) was carried out with methyl iodide in dimethyl sulfoxide in
the presence of powdered sodium hydroxide [62]. The products were recovered by extraction with
chloroform/water (1:1, v/v), hydrolyzed with 10 M HCI for 30 min at 80 °C, N-acetylated, and reduced
with NaBDjy. The partially methylated alditol acetates derivatives were analyzed by GLC-MS.

For fatty acid analysis, a sample of the lipid A (1 mg) was subjected to methanolysis in 2 M
methanolic HCI (85 °C, 12 h). The resulting fatty acid methyl esters were extracted with hexane and
converted to their O-trimethylsilyl (O-TMS) derivatives, as described [63,64]. The methanol layer
containing methyl glycosides was dried and acetylated with a pyridine-acetic anhydride mixture. The
fatty acid derivatives and acetylated methyl glycosides were analyzed by GLC-MS as above.

All the sample derivatives were analyzed on an Agilent Technologies 7890A gas chromatograph
(Agilent Technologies, Wilmington, DE, USA) connected to a 5975C MSD detector (inert XL EI/CI,
Agilent Technologies, Wilmington, DE, USA). The chromatograph was equipped with an HP-5MS
capillary column (Agilent Technologies, 30 m x 0.25 mm, flow rate of 1 mL/min, He as carrier gas).
The temperature program for all the derivatives was as follows: 150 °C for 5 min, then 150 to 310 °C at
5 °C/min, and the final temperature was maintained for 10 min.

4.4. NMR Spectroscopy

An O-PS sample was deuterium-exchanged by freeze-drying with D,O and then examined in
99.98% DO using acetone as an internal standard (8¢ 2.225, 8¢ 31.45). 1D and 2D NMR spectra were
recorded at 32 °C on a 500 MHz NMR Varian Unity Inova instrument (Varian Associates, Palo Alto,
CA, USA) using Varian software Vnmrj V. 4.2 rev. (Agilent Technologies, Santa Clara, CA, USA).
The following homonuclear and heteronuclear shift-correlated two-dimensional experiments were
conducted for signal assignments and determination of the sugar sequence: 'H,'H DQF-COSY, 'H,'H
TOCSY,'H,'H NOESY, 'H,'3C HSQC, and 'H,'3C HMBC. The mixing time was set to 100 and 200 ms
in the TOCSY and NOESY experiments, respectively. The 'H,'3C HSQC experiment with CRISIS based
multiplicity editing was optimized for a coupling constant of 146 Hz. The heteronuclear multiple-bond
correlation (HMBC) experiment was optimized for [ijc = 7 and 5 Hz, with 2-step low-pass filter 130
and 165 Hz to suppress one-bond correlations.
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4.5. MALDI-TOF Mass Spectrometry (MS)

LPS was analyzed with matrix-assisted laser desorption/ionization time-of flight (MALDI-TOF)
mass spectrometry (MS) using a Waters SYNAPT G2-Si HDMS instrument (Waters Corporation,
Milford, MA, USA) equipped with a 1 kHz Nd:YAG laser system. Acquisition of the data was
performed using MassLynx software version 4.1 SCN916 (Waters Corporation, Wilmslow, UK). Mass
spectra were assigned with a multi-point external calibration using red phosphorous (Sigma-Aldrich,
St. Louis, MO, USA) and recorded in the negative ion mode. An LPS sample (at a concentration of
10 pg/uL) was suspended in a water/methanol (1:1, v/v) solution containing 5 mM EDTA and then
dissolved by ultrasonication. After desalting with some grains of cation exchange beads (Dowex
50WX8-200; Sigma-Aldrich, St. Louis, MO, USA), one microliter of the sample was transferred onto
a well plate covered with a thin matrix film and allowed to dry at room temperature. The matrix
solution was prepared from 2’,4’,6’-trihydroxyacetophenone (THAP) (200 mg/mL in methanol) mixed
with nitrocellulose (15 mg/mL) suspended in 2-propanol/acetone (1:1, v/v) in proportion of 4:1 (v/v),
according to the published method [65].

4.6. SDS-PAGE

LPS preparations were separated in 12.5% SDS-Tricine polyacrylamide electrophoresis gel and
bands were visualized by silver staining after oxidation with periodate according to the published
method [66].

4.7. Serological Studies

Polyclonal O-antisera against A. hydrophila JCM 3968, serogroup O6 and A. veronii bv. sobria strain
K557 were obtained by immunization of New Zealand white rabbits with heat-inactivated bacteria
according to the published procedure [28]. Rabbits were acclimatized in the animal facility of the
National Veterinary Research Institute (Putawy, Poland), and all the experiments were performed
according to the procedures approved by the local ethical committee (The Second Local Ethical
Committee on Animal Testing in Lublin, the permission number 48/2012).

Western blots with rabbit antisera were performed after transferring SDS-PAGE-separated LPS
profiles to Immobilon P (Millipore, St. Louis, MO, USA). The primary antibodies were detected using
alkaline phosphatase-conjugated goat anti-rabbit antibodies (Sigma, St. Louis, MO, USA). Blots were
developed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate toluidine (Sigma) for
5 min, as described elsewhere [67].

The ELISA was performed as described previously [68] with some modifications, namely: 1-2 ug
of the studied LPS per well were coated on flat-bottom Nunc-Immuno plates; the reaction was
developed using rabbit-IgG specific peroxidase-conjugated goat antibodies (Jackson ImmunoResearch,
West Grove, PA, USA); the final absorbance (A4p5) was read with the help of a Multiskan Go microplate
reader (Thermo Fisher Scientific USA, Vantaa, Finland).

Adsorption of antisera was carried out using wet masses of bacterial cells washed in PBS
(phosphate-buffered saline). Bacterial mass (100 uL) was suspended in 1 mL of serum diluted 1:50
in PBS. After 0.5 h incubation on ice, the cells were removed by centrifugation and the process was
repeated two or three more times [69].
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