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Abstract

:

Seaweeds have a variety of biological activities, and their aromatic characteristics could play an important role in consumer acceptance. Here, changes in aroma compounds were monitored during microbial fermentation, and those most likely to affect sensory perception were identified. Ulva sp. and Laminaria sp. were fermented and generally recognized as safe microorganisms, and the profile of volatile compounds in the fermented seaweeds was investigated using headspace solid-phase microextraction with gas chromatography–mass spectrometry. Volatile compounds, including ketones, aldehydes, alcohols, and acids, were identified during seaweed fermentation. Compared with lactic acid bacteria fermentation, Bacillus subtilis fermentation could enhance the total ketone amount in seaweeds. Saccharomyces cerevisiae fermentation could also enhance the alcohol content in seaweeds. Principal component analysis of volatile compounds revealed that fermenting seaweeds with B. subtilis or S. cerevisiae could reduce aldehyde contents and boost ketone and alcohol contents, respectively, as expected. The odor of the fermented seaweeds was described by using GC–olfactometry, and B. subtilis and S. cerevisiae fermentations could enhance pleasant odors and reduce unpleasant odors. These results can support the capability of fermentation to improve the aromatic profile of seaweeds.
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1. Introduction


Food aroma compounds are volatile molecules that can be released during eating to reach the olfactory receptors. The aroma compounds in seaweeds serve as sex pheromones and chemical defense compounds against herbivores and pathogens [1]. Seaweeds and their aroma compounds have significant application potential in processing food products as seasonings because of their unique and strong aroma and flavors, such as marine, green, and umami aromas [2]. The aroma compounds in seaweeds can differ among species, including the most abundant ones, such as hydrocarbons, ketones, aldehydes, alcohols, esters, halogenated compounds, carboxylic acids, furans, phenols, sulfur compounds, pyrazines, pyridines, and amines [3,4].



Seaweeds have a variety of biological activities, such as antiviral, anti-oxidant, anti-inflammation, and anti-cancer activities, because of their availability, diversity, and productivity [5], and they have been used as food and medicine for centuries. In Asian countries, seaweeds are frequently consumed fresh and dried; however, seaweeds are not normally ingested in the unprocessed form in Western societies, where seaweeds remain of minor importance in spite of their nutritional benefits [6]. For example, the ingestion of red seaweed Bangia fuscopurpurea potentially reduces the risk of cardiovascular and chronic metabolic diseases, but its fishy malodor may limit consumers’ acceptance [7]. Food sensory properties can play an important role in consumers’ preferences and acceptance, of which the aroma compound is of prime importance [8]. Consequently, the identification of seaweed volatile compounds has drawn increasing attention for enhancing their application potential in food [3,9].



Microbial fermentation is often used to improve/enhance the sensory quality of food, such as cereals, meats, vegetables, and dairy foods, by removing undesirable off-flavors and/or generating new aroma compounds [10]. Recently, the application of microbial fermentation in removing undesirable odors in seaweeds has drawn increasing attention. Seo et al. [11] indicated that the inoculation of the fungus Aspergillus oryzae could decrease isovaleric acid and allyl isothiocyanate and reduce the peculiar smell of seaweed kelp extracts. In addition, the co-fermentation of Bacillus subtilis (BS) and Lactobacillus plantarum of the microalga Spirulina could reduce off-odors and produce creamy flavor compounds, such as acetoin and ethyl lactate [12]. However, research on sensory profiles of seaweeds during fermentation remains limited, not to mention that there are thousands of seaweed species.



Therefore, the aroma compound profiles of seaweeds should be investigated during microbial fermentation to promote the development of new products and to widen the application of seaweeds in food or beverage sectors. This study aimed to qualitatively and quantitatively characterize the volatiles and odor-active compounds in the green seaweed Ulva sp. and brown seaweed Laminaria sp. fermented with various microorganisms using headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography–mass spectrometry (GC–MS) and GC–olfactometry (GC–O). Consequently, the changes in aroma compounds were monitored during microbial fermentation, and those most likely to impact sensory perception were identified.




2. Materials and Methods


2.1. Seaweeds


Dried green seaweed Ulva sp. was provided by Taiwan Yes (Taiwan Fertilizer Co., Ltd.) in Hualien County, Taiwan, and dried brown seaweed Laminaria sp. was purchased in Penghu County, Taiwan. The dried seaweed powders were prepared according to Lu et al. [13]. In summary, the seaweeds were washed, air-dried (40 °C), ground, and sieved through 0.25 mm pores and stored in a freezer until use.




2.2. Fermentation Strains


Five microorganisms were used in this study. Bacillus subtilis BCRC 10255, Saccharomyces cerevisiae BCRC 21685, Lactobacillus delbrueckii subsp. bulgaricus BCRC 10696 and Lactobacillus casei BCRC 10697 were purchased from Bioresource Collection and Research Center (BCRC) in Hsinchu City, Taiwan. Bacillus subtilis was cultured in Luria-Bertani medium (LB) at 30 °C at 150 rpm, Saccharomyces cerevisiae was cultured in Yeast Extract Peptone Dextrose medium (YPD) (Formedium, Norfolk, UK) at 24 °C at 150 rpm, and three lactic acid bacteria were cultured at Lactobacilli MRS medium (BD Difco, Franklin Lakes, NJ, USA) at 37 °C. The microbial cells were cultured to OD 0.6–0.8 (during the exponential phase) prior to the inoculation for seaweed fermentations.




2.3. Fermentation on Seaweeds


The seaweed suspension preparation and microbial fermentation were performed according to Hung et al. [14] with modifications. Seaweed powder (Ulva or Laminaria sp.) was mixed with distilled water in a 500 mL flask to make seaweed suspension (5%, w/v). The seaweed suspension was sterilized by autoclaving (121 °C/20 min). The microbial cultures were inoculated into the sterile seaweed suspension with a 0.1% (v/v) inoculation for fermentations. The fermentation for Bacillus subtilis, Saccharomyces cerevisiae, and the lactic acid bacteria was conducted at 30 °C /150 rpm, 24 °C/150 rpm, and 37 °C/static, respectively. The samples were taken at 0, 12, 24, 48, and 72 h during fermentation for the analyses of microbial counts by using aerobic plate counts. The volatile compounds were extracted by using headspace-solid phase microextraction after fermentation and analyzed by using gas chromatography-mass spectrometry. The control groups were the seaweed suspensions (Ulva or Laminaria sp.) without any microbial inoculation.




2.4. Headspace-Solid Phase Microextraction (HS-SPME)


The HS-SPME analysis was performed according to López-Pérez, Picon, and Nuñez [9] with some modifications. The volatile compounds were extracted by the 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber method (Supelco Inc., Bellefonte, PA, USA), and has been used previously for extracting volatile compounds from seaweeds [9,15]. First, 4 mL of fermentation broth was mixed with 4 mL distilled water, and 1.5 g sodium chloride (NaCl) was added to improve extractive efficiency in HS-SPME. Zhang et al. [16] indicate that adding NaCl can improve ionic strength in the solution and further impact the extractive efficiency in HS-SPME. Five μL of 100 ppm ethyl cinnamate (Sigma-Aldrich, St. Louis, MO, USA) was added as the internal standard. The prepared sample was placed in a 60 °C water bath for 20 min with stirring for balancing, and then the SPME fiber was exposed to the headspace of the sample at the same temperature for 30 min. Finally, the SPME fiber was inserted into the GC injector for desorption at 250 °C for 5 min under non-splitting mode.




2.5. Gas Chromatography–Mass Spectrometry (GC–MS) and Gas Chromatography Olfactometry (GC–O)


The GC–MS analysis was performed on an Agilent Technologies-6890N GC coupled with Agilent 5973I Mass Selective Detector (Agilent Technologies, Santa Clara, CA, USA). The GC–MS system was equipped with a DB-WAX capillary column (30 m × 0.25 mm × 0.15 μm) (Agilent Technologies, Santa Clara, CA, USA). Helium was used as a carrier gas at a constant flow rate of 1.0 mL/min. The oven temperature was initially set at 40 °C for 2 min, then heated to 160 °C by 6 °C/min, and finally to 225 °C at 10 °C/min, maintained for 10 min. The mass spectrometry was operated in the electron impact (EI) mode at 70 eV and screened from 33 to 450 m/z. Library WILEY 275L was used to identify the volatile compounds for fermentation samples. The concentration of the identified volatile compounds was calculated by the relative peak area between the internal standard and the analyte [17].



The equation is followed by


C2 (μg/L) = C1 (μg/L) × (A2/A1)



(1)







C1 (A1): concentration (peak area) of the internal standard, C2 (A2): concentration (peak area) of the identified volatile compound



The GC–O system shared the same equipment and analysis condition on the GC with the GC–MS. An olfactory detection port was equipped (OPD-3, Gerstel, Linthicum, MD, USA) on the GC. Once the analyte was separated by the GC, the column fluent was split by 1:1 to the mass spectrometry and the sniffing port individually. The odor descriptions of volatile compounds in the GC–O were followed by Ning et al. [18] with modifications. Three trained panelists evaluated the odor intensity by indicating strong (S), medium (M), and weak (W), and the sniffed retention indices and the notes of the odor were recorded as well.




2.6. Statistical Analysis


All experiments and analyses were conducted in triplicate. Data were expressed as mean ± SD and statistically analyzed by using IBM SPSS Statistics 23.0 (IBM, Armonk, NY, USA). The statistically significant differences between the samples were determined by one-way analysis of variance (ANOVA), and Scheffe’s test was used to indicate the significant differences where p < 0.05. Principle component analysis (PCA) and hierarchical clustering heatmaps were carried out by using MetaboAnalyst 5.0. These two analyses were applied to understand the changes in volatile compounds between fermented and unfermented seaweeds.





3. Results and Discussion


3.1. Seaweed Fermentation by the GRAS Microorganisms


In this study, five GRAS microorganisms were selected, i.e., B. subtilis (BS), Saccharomyces cerevisiae (SC), and Lb. acidophilus (LA), Lb. delbrueckii subsp. bulgaricus (LB), and Lb. casei (LC) for seaweed fermentations. The cell growth of these five strains in Ulva and Laminaria suspensions is shown in Figure S1. In Ulva and Laminaria suspensions, the cell count of BS and SC increased at 0–24 h, and the growth of lactic acid bacteria was observed during 0–12 h. In addition, the yeast maintained their viable cell number at 5–6 log CFU/mL in both seaweed suspensions during fermentation, and the bacteria maintained their viable cell number at 7–9 log CFU/mL, indicating that seaweed suspension could serve as the sole biomass for microbial fermentations.




3.2. Monitoring the Volatile Compound Profiles in Seaweed Fermentation


3.2.1. Ulva sp. Fermentation


A total of 51 volatile compounds were identified in the unfermented and fermented Ulva sp. suspension (Table 1) using HS-SPME–GC–MS. The profile of volatile compounds varies among the Ulva sp. suspensions fermented with five microorganisms. Twelve ketones were detected in the unfermented Ulva sp., and 20, 13, 11, 11, and 10 ketones were determined in the Ulva sp. suspension fermented with BS, SC, LA, LB, and LC, respectively. In the unfermented Ulva sp., aliphatic ketones with long chains (≥C7), such as 2,2,6-Trimethylcyclohexanone (floral), 6-Methyl-5-hepten-2-one (also known as sulcatone; citral and musty), and β-Ionone (violet, floral) [19], were identified. β-ionone is a potent odorant in seafood, and sulcatone has been identified in various foods as a metabolite of lycopene [20]. These ketone compounds could be detected in the commonly dehydrated Ulva lactuca [9]. The total amount of ketones was significantly increased in the Ulva suspension after BS fermentation, particularly short-chain aliphatic ketones (C ≤ 7), such as pentanone (fruity and pungent) and heptanone (cheesy, fruity, and spicy). In general, aliphatic ketones with shorter chains have a strong aroma, and they can be generated through the lipoxygenation of fatty acids during fermentation [21]. On the contrary, lactic acid bacteria fermentations could reduce the total amount of ketones



Ten aldehydes were detected in the unfermented Ulva sp., including linear, branched, or unsaturated aldehydes (Table 1). Most aldehydes have short chains (C ≤ 7), such as furfural, hexanal, and heptanal. According to Peinado et al. [22], the notes of hexanal and heptanal were described as fishy odors. Aldehydes such as hexanals and heptanals were reduced after all microbial fermentations, in which BS fermentation was of the most significance. Moreover, the amount of safranal, a compound that contributes a spicy saffron-like note with herbaceous, tobacco facets, and floral undertones, was doubled after SC fermentation.



As for alcohols, the aroma compound 1-penten-3-ol (green) [20] was identified in the unfermented Ulva sp., and it was decreased in each microbial fermentation. The total alcohol content decreased after microbial fermentations except for SC (Table 1). Five additional alcohols were generated in the Ulva sp. suspension after SC fermentation, such as 1-pentanol (fermented, oily, sweet) and 1-hexanol (fruity, floral aromatic) [20,23]. In the metabolism of brewing yeast, the Ehrlich pathway is a metabolic route to produce high alcohol content from amino acids, involving transamination, decarboxylation, and reduction [24]. This finding might explain the alcohol production during the SC fermentation of Ulva sp.



Benzaldehyde (bitter almond and burnt sugar) was identified in the unfermented Ulva sp., and it was converted into benzyl alcohol (floral and rose) [20] by alcohol dehydrogenase after BS or SC fermentation [25]. Our results were similar to those reported by Wang et al. [26]; that is, benzaldehyde and benzyl alcohol were decreased and increased, respectively, through SC fermentation. On the contrary, benzaldehyde was oxidized into benzoic acid (sweet and pleasant odor) [27] during lactic acid fermentation, which was also observed in lactic acid bacteria-fermented dairy products [28]. In addition, the number of other aroma compounds, such as furan 2-ethyfuran (coca), was reduced after microbial fermentations, but BS fermentation increased the amount of 2,5-dimethylpyrazine (roasted, nutty) and dimethyl sulfide (boiled cabbage). The overall changes in volatile compounds for the unfermented and fermented Ulva sp. were summarized in the heat map (Figure 1). Compared with the unfermented Ulva sp., BS or SC fermentation could reduce aldehyde contents, which might mitigate potential unpleasant odors from seaweed. BS fermentation improved ketone production, whereas SC increased alcohol production during fermentation. By contrast, volatile acids were found in the Ulva sp. suspension fermented with lactic acid bacteria (LA, LB, and LC).




3.2.2. Laminaria sp. Fermentation


A total of 55 volatile compounds were identified in the unfermented and fermented Laminaria sp. (Table 2). In addition, a total of 31 volatile compounds were identified in the unfermented Laminaria sp., and 36, 40, 41, 40, and 40 volatile compounds were found in the Laminaria sp. suspension fermented with BS, SC, LA, LB, and LC, respectively.



Total ketones were increased after fermentation with BS, SC, LB, or LC (Table 2), with BS showing the most increases. 1-Octen-3-one (metallic and mushroom) [29] and β-ionone were identified in the fermented and unfermented groups. Notably, 3-octanone, described as herb, butter, and resin notes [30], was generated in the fermented Laminaria sp. suspension, and 3-hydroxy-2-butanone (sweet), also known as acetoin, was generated in the BS-fermented group. β-ionone, which was responsible for the rose aroma [31] and sweet note in green tea [32], was enhanced during SC, LA, LB, or LC fermentation.



Linear, branched, or volatile unsaturated aldehydes, which were identified in brown seaweeds, may contribute to seaweed-like or seafood-like odors [11,22]. Our data indicated that the total aldehyde content was decreased in the Laminaria sp. suspension fermented with BS, SC, and LA (Table 2). Pan et al. [33] have reported that yeast fermentation can improve the odor of tiger puffer skin gelatin and reduce its volatile aldehydes. Heptanal (dry fish notes), hexanal (fishy notes) [22,34], and furfural (burnt note) were reduced in the fermented Laminaria sp. suspension, which is consistent with the observation in the fermented Ulva sp. (Table 1), indicating the potential application of fermentation in removing off-odors from seaweeds.



The major alcohol compound detected in the unfermented Laminaria sp. is 1-octen-3-ol (529.91 μg/L, Table 2), which is described as fishy and grassy notes [34]. Based on the report of López-Pérez, Picon, and Nuñez [9], 1-octen-3-ol has a high odor activity value and low perception threshold, and it is considered the major alcohol compound in brown seaweeds (Himanthalia elongata and Laminaria ochroleuca). SC fermentation could significantly reduce 1-Octen-3-ol. In addition, a high content of alcohols was produced via fermentation, such as 1-pentanol (fermented, oily, sweet) and 1-hexanol (fruity, floral aromatic), which is consistent with our observations in the fermented Ulva sp. (Table 1). The EMP pathway and Ehrlich pathway are two possible metabolic routes for converting carbohydrates and amino acids into branched alcohols during yeast fermentation, respectively [34]. Thus, more alcoholic compounds were identified in the Laminaria sp. fermented with SC compared with the unfermented group.



With regard to volatile acids, tetradecanoic acid was identified in the unfermented Laminaria sp. and acid varieties, and total acid contents increased after microbial fermentation (Table 2). Saturated fatty acids, such as hexanoic acid (fatty, cheesy), octanoic acid (fatty, waxy) [20], and decanoic acid, were generated during microbial fermentation. In addition, a branched carboxylic acid (2-methylbutanoic acid) was identified only in Laminaria fermented with BS. Based on the report of Leejeerajumnean et al. [35], 2-methylbutanoic acid was identified in soybean products fermented with Bacillus sp.



Therefore, changes in volatile compounds in the unfermented and fermented Laminaria sp. were demonstrated in the heat map (Figure 2). Compared with the unfermented Laminaria sp., BS and SC seemed to significantly decrease aldehyde content during fermentation. In addition, BS fermentation enhanced ketone production, and SC fermentation boosted alcohol formation in fermented Laminaria sp. suspensions, which were also observed in Ulva sp. fermentation (Figure 1; Table 1). On the contrary, lactic acid bacteria (LA, LB, and LC) might slightly reduce aldehyde production when fermenting Laminaria sp., compared with BS and SC. Based on changes in the profile of volatile compounds among fermentations, BS and SC have shown application potential in mitigating off-odors from seaweeds (Ulva sp. and Laminaria sp.) and modifying their aromatic perceptions after fermentation. Thus, principal component analysis (PCA) and odor analysis of fermented seaweeds were performed.





3.3. Principal Component Analysis (PCA) of the Volatile Compounds in the Fermented Seaweeds


3.3.1. Ulva sp.


The PCA of chemical groups of the volatile compounds in the unfermented and fermented Ulva sp. is shown in Figure 3. The PCA can explain 84.1% of the total variances in the dataset (59.5% and 24.6% by principal component 1 [PC1] and principal component 2 [PC2], respectively). Based on the score plot (Figure 3A), the BS is in the first quadrant of the plot, whereas the unfermented Ulva sp. is in the second quadrant. This result shows the difference in the composition of volatile compounds between the BS and the unfermented Ulva sp. Moreover, in the loading plot (Figure 3B), the ketone family is observed in the positive axis of the PC1, whereas the aldehyde family is observed in the negative axis of the PC1. This negative correlation between the ketone and aldehyde family indicates the difference in volatile compounds between the BS and the unfermented Ulva. The aforementioned statement is supported by Table 1, i.e., ketones are increased, and aldehydes are reduced after BS fermentation. On the contrary, alcohol formation is associated with SC fermentation, which demonstrates the highest alcohol content among other fermentations.



In evaluating the specific compound affecting the difference among fermentations, the PCA of a single volatile compound is shown in Figure 4. The PC1 and PC2 can explain 57.1% and 20.5% of the total variances in the dataset, respectively (total: 77.6%). Based on the score plot (Figure 4A), the BS and unfermented group are in a different quadrant of PC1, which correlates to Figure 3A. In addition, 2-heptanone is identified in the positive axis of PC1 in the loading plot (Figure 4B), which indicates that this compound likely affects the difference between the BS and the unfermented Ulva.



Moreover, 2-heptanone (436.59 μg/L) was formed after fermentation with BS, and its content was dominant at around 33% of total ketones (1308.42 μg/L) in the fermented Ulva (Table 1). The difference in volatile compounds between the SC and the unfermented group based on PC2 is shown in Figure 4A. Based on the loading plot (Figure 4B), 1-hexanol is in the positive axis of PC2, which indicates its contribution to the difference in volatile compounds between the SC and the unfermented Ulva. This result might correspond to the formation of 1-hexanol (289.18 μg/L) after SC fermentation (Table 1). Based on our GC–O analysis, the odor intensity of 1-hexanol, described as floral and sweet, is enhanced by SC fermentation. Therefore, 2-heptanone might contribute to the difference between Ulva fermented with BS and unfermented Ulva. Furthermore, 1-hexanol plays an important role in the fermentation of Ulva with SC compared with the unfermented Ulva (Figure 4). These results are consistent with the PCA of chemical groups shown in Figure 3.




3.3.2. Laminaria sp.


The PCA of chemical groups of volatile compounds in the unfermented and fermented Laminaria sp. is shown in Figure 5. The results showed that these variables could explain 91.7% of the total variances among the samples. BS and SC are located in the positive axis of PC1, whereas the unfermented group is in the negative axis of PC1 (Figure 5A). Therefore, fermenting Laminaria sp. by BS or SC can change the composition of chemical groups in volatile compounds. In addition, the chemical groups of volatile compounds are distinct in BS and SC because these two groups are in the positive and negative axes of PC2, respectively. Based on the loading plot (Figure 5B), ketones in BS and alcohols in SC primarily cause the difference. As shown in Table 2, after fermentation, BS acquired higher ketone content than SC, whereas SC obtained higher alcohol content than BS.



Another PCA was conducted to evaluate the correlation between a single volatile compound and the type of fermentation (Figure 6). PC1 and PC2 explained 55.6% and 29.9%, respectively, of the total variance in the dataset (Total: 85.5%). Consistent with Figure 5, the volatile compound compositions of BS and SC are differentiated from the unfermented Laminaria sp. (Figure 6A). Moreover, based on the loading plot (Figure 6B), acetoin (i.e., 3-hydroxy-2-butanone) and 2,3-butanediol are positively correlated with BS, and 1-heptanol and 1-octanol are positively correlated with SC, thereby causing the difference in volatile compounds between the two fermented Laminaria. This finding is consistent with that shown in Figure 5, i.e., the difference between BS and SC is associated with the ketone and alcohol family.



As shown in Table 2, acetoin accounts for the highest content (63.4%) in the ketone family from BS fermentation, followed by 1-heptanol (41.1%) and 1-octanol (20.5%) in the alcohol family from SC fermentation. On the contrary, in the third quadrant of the score plot (Figure 6A), the unfermented group and fermentation with lactic acid bacteria (LA, LB, and LC) are in the negative axis of PC1 and PC2. This finding indicates that lactic acid bacteria may not significantly modify the composition of volatile compounds as compared with the unfermented group. Based on the loading plot (Figure 6B), (E)-2-heptenal shows a higher correlation with the unfermented group and fermentation with lactic acid bacteria. Furthermore, (E)-2-heptenal was significantly reduced from 1179.00 to 538.71 and 429.48 μg/L by fermenting with BS and SC, respectively (Table 2). In addition, (E)-2-heptenal contents were significantly lower in BS and SC fermentation than in lactic acid bacteria fermentation (Table 2). This finding may support the result that the groups of lactic acid bacteria and BS/SC are positioned on different quadrants in PCA.



Therefore, according to the PCA (Figure 3, Figure 4, Figure 5 and Figure 6), fermenting Ulva sp. or Laminaria sp. with BS or SC can modify the composition of volatile compounds compared with unfermented seaweeds. These results can be supported by Table 1 and Table 2. Volatile and non-volatile compounds can contribute to the sensory characteristics of foods, which may further affect consumer preference [36,37,38]. Hence, GC–O was applied to evaluate the odor description and intensity of the fermented seaweeds.





3.4. Sensory Evaluation of the Intensity of the Odor-Active Compounds in the Fermented Seaweeds


GC–O is considered as a major technique for analyzing the effect of volatile compounds on sensory characteristics, which has been applied to seaweeds [3]. The results of GC–O analysis for the unfermented and fermented Ulva sp. are summarized in Table 3.



A total of 22 odor-active compounds were detected, including six ketones, four aldehydes, four alcohols, one ester, one pyrazine, and six unidentified compounds. Among the pleasant odors, floral, sweet, and fruity were described. After fermentation with BS and SC, aromatic notes were enhanced, compared with the unfermented Ulva. For example, benzyl alcohol could contribute to floral and fruity aromas after BS and SC fermentation. Benzyl alcohol is described as flower, apple peel, and sweet aromas in Chinese bayberry [39], and it has been reported in many fruits [40]. In addition, 1-hexanol and 1-heptanol could provide extra floral/sweet and sweet aromas in the SC group, and the floral aroma of 6-methyl-5-hepten-2-one was enhanced in the BS group (Table 3). Notably, after fermentation with BS, 2,5-dimethylpyrazine is formed (Table 1), and it contributes to the nutty and roasted aromas in the fermented Ulva sp. (Table 3).



This odor description is consistent with the report of Guo et al. [41], indicating that 2,5-dimethylpyrazine is the critical contributor to roasted peanut flavor in Oolong tea. According to Leejeerajumnean, Duckham, Owens, and Ames [35], 2,5-dimethylpyrazine was found in several Bacillus-fermented soybean products. With regard to strong odor intensity, β-ionone (violet, floral) is the only compound that is described as having a strong and pleasant odor in all groups. Based on the report of Buttery et al. [42], β-ionone has a lower odor threshold (0.007 ppb) than 6-methyl-5-hepten-2-one (50 ppb) in water. This finding might indicate that the odor intensity of β-ionone is strong and greater than 6-methyl-5-hepten-2-one. In strengthening the pleasant odor of Ulva sp. by fermenting with BS and SC, both fermentations can mitigate the unpleasant odors (Table 3). For example, the odor intensity of hexanal (fishy, grassy) was reduced in the BS- and SC-fermented Ulva sp. suspensions. Described as caramelly, fried, and toasty, 5-Methylfurfural was not detected in the BS-fermented Ulva sp. suspension by GC–O. These reductions are consistent with that shown in Table 1 in this study. BS and SC have demonstrated their application potential in improving pleasant odors and lightening unpleasant odors of Ulva by fermentation.



The results of the GC–O analysis for the unfermented and fermented Laminaria sp. are outlined in Table 4. A total of 36 odor-active compounds were detected, including 7 ketones, 11 aldehydes, 8 alcohols, 1 acid, 1 ester, and eight unidentified compounds. Only three compounds, namely, β-ionone (violet, floral), benzaldehyde (fruity, sweet), and 1-octanol (waxy, citrus), were detected as pleasant odors in the unfermented Laminaria sp. suspension. In addition, the pleasant odors could be strengthened in the Laminaria suspension fermented with BS and SC. For example, 2,3-butanedione, described as yogurt and creamy, has shown a medium odor intensity in BS, whereas 1-heptanol, described as sweet, has shown a strong odor intensity in SC. Compared with BS, SC can provide more fruity and floral notes in the fermented Laminaria sp. suspension.



With regard to the unpleasant odors, fishy, fatty, and oily notes were described the most in the Laminaria sp. suspension (Table 4). The compounds that contributed to the strong unpleasant odor intensity included 1-octen-3-one, (E)-2-heptenal, and (E)-2-decenal. The note of 1-octen-3-one was described as fishy and metallic in this study, and Peinado, Girón, Koutsidis, and Ames [22] described the odors of 1-octen-3-one as metallic, dirty, and dusty in brown seaweeds. As shown in Table 4, BS and SC fermentations could relieve the intensity of the unpleasant odors in the fermented Laminaria sp. suspensions. The note intensity of octanal, (E)-2-heptadienal, and 2,4-heptadienal, which contributed to fatty notes, were reduced or eliminated by BS and SC. Notably, the note of 1-penten-3-one (pungent and fresh) [43], categorized in the neutral odors, was weakened during fermentation with BS and SC, and a similar result was observed in Table 2. Modifying the aroma profile for food ingredients could be investigated and applied in the food industry. For example, in mitigating the beany aroma in the legume-based beverage, fermentation with lactic acid bacteria is applied [44]. In this study, based on our GC–O analysis, BS and SC have shown application potential in enhancing pleasant odors and reducing unpleasant odors for seaweeds Ulva sp. and Laminaria sp.





4. Conclusions


In this study, volatile compounds in the green seaweed Ulva sp. and the brown seaweed Laminaria sp. fermented by GRAS microorganisms were presented by using HS-SPME and GC–MS. The aromatic profiles of the seaweeds were successfully modified by fermentation, particularly with BS and SC. Categories and total contents of aldehydes were significantly reduced in fermented seaweeds by BS and SC, respectively. Moreover, fermentation with BS could improve ketone content, while fermentation with SC could enhance alcohol content in Ulva and Laminaria. These results are supported by the PCA results, revealing that the ketones in BS fermentation and alcohols in SC fermentation play critical roles in causing differences in the volatile compound profile compared with the unfermented seaweeds. Finally, through GC–O analysis, BS and SC could enhance pleasant odors (e.g., floral, fruity, and sweet) and weaken unpleasant odors (e.g., grassy, fatty, and fishy) from the unfermented seaweeds. This study exhibits the potential of modifying the aromatic profiles of Ulva and Laminaria by fermentation, including improving pleasant odors and diminishing unpleasant odors. These achievements can expand the potential of utilizing seaweeds for agricultural and food industries.
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Figure 1. Heat map of the volatile compounds in the green seaweed Ulva sp. fermented by various microorganisms. Colors indicate the Z-score distances to the mean levels of the observations. A Z-score greater than 1.645 (red color) or lower than −1.645 (blue color) is significant at the 0.05 level. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp. bulgaricus; LC: Lb. casei. 
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Figure 2. Heat map of the volatile compounds in the brown seaweed Laminaria sp. fermented by various microorganisms. Colors indicate the Z-score distances to the mean levels of the observations. A Z-score greater than 1.645 (red color) or lower than −1.645 (blue color) is significant at the 0.05 level. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp. bulgaricus; LC: Lb. casei. 
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Figure 3. Principal component analysis plots of chemical groups of the volatile compounds in the green seaweed Ulva sp. fermented by various microorganisms: (A) score plot (B) loading plot. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp. bulgaricus; LC: Lb. casei. Sulfur-conta, sulfur containing compounds; benz, benzene derivatives. 
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Figure 4. Principal component analysis plots of the volatile compounds in the green seaweed Ulva sp. fermented by various microorganisms: (A) score plot (B) loading plot. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp. bulgaricus; LC: Lb. casei. 
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Figure 5. Principal component analysis plots of chemical groups of the volatile compounds in the brown seaweed Laminaria sp. fermented by various microorganisms: (A) score plot (B) loading plot. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp. bulgaricus; LC: Lb. casei. Sulfur-conta, sulfur containing compounds; benz, benzene derivatives. 
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Figure 6. Principal component analysis plots of the volatile compounds in the brown seaweed Laminaria sp. fermented by various microorganisms: (A) score plot (B) loading plot. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp. bulgaricus; LC: Lb. casei. 
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Table 1. Changes of the aromatic profile in the green seaweed Ulva sp. fermented by various microorganisms.
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Compounds

	
Concentration (µg/L)




	
Unfermented

	
BS

	
SC

	
LA

	
LB

	
LC






	
Ketones

	

	

	

	

	

	




	
2-Butanone

	
nd

	
56.33 ± 2.05 a

	
11.18 ± 1.80 b

	
10.53 ± 4.07 b

	
2.67 ± 0.34 b

	
7.29 ± 0.20 b




	
2-Pentanone

	
nd

	
164.64 ± 6.60 a

	
81.24 ± 3.89 b

	
nd

	
nd

	
nd




	
3-Hexanone

	
nd

	
7.93 ± 0.14

	
14.78 ± 0.01

	
nd

	
nd

	
nd




	
2-Hexanone

	
nd

	
33.03 ± 0.12

	
nd

	
nd

	
nd

	
nd




	
5-Methyl-2-hexanone

	
nd

	
23.45 ± 1.86

	
nd

	
nd

	
nd

	
nd




	
2-Heptanone

	
nd

	
436.59 ± 4.50

	
nd

	
nd

	
nd

	
nd




	
6-Methyl-2-heptanone

	
nd

	
12.85 ± 1.70

	
nd

	
nd

	
nd

	
nd




	
2,2,6-Trimethylcyclohexanone

	
39.66 ±1.64 a

	
30.28 ± 1.32 b

	
nd

	
nd

	
6.03 ±1.92 c

	
nd




	
6-Methyl-5-hepten-2-one

	
23.07 ± 3.21 c

	
47.32 ± 4.38 b

	
nd

	
114.31 ± 7.44 a

	
62.84 ± 2.52 b

	
47.43 ± 2.14 b




	
3,5,5-Trimethyl-2-cyclohexen-1-one

	
31.33 ± 2.60 a

	
4.57 ± 0.08 b

	
5.92 ± 0.13 b

	
7.55 ± 1.15 b

	
5.33 ±0.27 b

	
5.68 ± 0.11 b




	
3,5-Octadien-2-one

	
47.78 ± 1.12 cd

	
34.12 ± 0.37 d

	
77.71 ± 3.92 b

	
147.08 ± 5.40 a

	
48.77 ± 3.48 cd

	
61.86 ± 10.29 bc




	
6-Methyl-3,5-heptadien-2-one

	
31.68 ± 3.58 d

	
50.78 ± 5.93 b

	
33.91 ± 1.21 cd

	
69.67 ± 3.29 a

	
46.88 ± 0.57 bc

	
60.75 ± 1.35 ab




	
4-Ketoisophorone

	
19.68 ± 1.48 b

	
1.08 ± 0.22 c

	
56.07 ± 3.39 a

	
11.94 ± 2.77 b

	
nd

	
nd




	
Propiophenone

	
61.68 ± 1.12 a

	
33.20 ± 0.50 b

	
61.16 ± 3.09 a

	
nd

	
nd

	
nd




	
5-Ethyl-2(5H)-furanone

	
15.33 ± 0.33 ab

	
7.34 ± 0.34 c

	
18.09 ± 0.32 a

	
12.96 ± 1.12 b

	
5.81 ± 0.28 c

	
6.42 ± 1.22 c




	
trans-β-Ionone

	
nd

	
36.35 ± 0.32

	
nd

	
nd

	
nd

	
nd




	
β-Ionone

	
211.59 ± 3.93 ab

	
149.52 ± 2.60 d

	
201.70 ± 6.00 bc

	
183.55 ± 1.56 c

	
147.39 ± 3.51 d

	
223.88 ± 8.74 a




	
5,6-Epoxide-β-Ionone

	
210.31 ± 0.64 a

	
114.60 ± 2.73 cd

	
189.46 ± 3.09 a

	
149.01 ± 11.20 b

	
104.40 ± 3.81 d

	
143.16 ± 11.36 bc




	
Total ketones

	
738.05 ± 38.28 b

	
1243.98 ± 19.14 a

	
751.21 ± 16.28 b

	
706.59 ± 25.97 b

	
430.11 ± 7.18 d

	
556.47 ± 26.58 c




	
Aldehydes

	

	

	

	

	

	




	
3-Methylbutanal

	
99.47 ± 1.69 a

	
nd

	
nd

	
34.47 ± 3.47 b

	
28.33 ± 2.90 b

	
nd




	
Hexanal

	
234.47 ± 4.27 a

	
nd

	
58.38 ± 1.21 b

	
44.98 ± 6.08 b

	
20.55 ± 1.80 c

	
56.88 ± 1.82 b




	
(E)-2-Pentenal

	
61.75 ± 1.52 a

	
nd

	
29.38 ± 0.06 b

	
23.20 ± 1.52 bc

	
11.59 ± 1.54 d

	
22.48 ± 0.66 c




	
2-Methyl-2-pentenal

	
8.61 ± 1.11 a

	
nd

	
nd

	
nd

	
7.14 ± 0.91 a

	
nd




	
Heptanal

	
194.50 ± 12.07 a

	
nd

	
nd

	
108.34 ± 10.39 b

	
52.29 ± 4.77 c

	
nd




	
(E)-2-Hexenal

	
63.60 ± 5.26 a

	
nd

	
nd

	
45.49 ± 3.77 b

	
18.09 ± 0.11 c

	
20.88 ± 2.13 c




	
Furfural

	
49.72 ± 2.77 a

	
nd

	
nd

	
51.72 ± 3.24 a

	
26.02 ± 1.51 b

	
22.69 ±1.37 b




	
5-Methylfurfural

	
560.93 ± 25.70 a

	
nd

	
501.50 ± 12.66 b

	
405.88 ± 7.23 c

	
308.09 ± 11.48 d

	
321.86 ± 11.53 d




	
2,4-Heptadienal

	
25.02 ± 1.78 a

	
nd

	
16.98 ± 0.59 b

	
nd

	
nd

	
nd




	
Safranal

	
43.37 ± 4.61 b

	
nd

	
93.64 ± 4.49 a

	
44.26 ± 0.76 b

	
6.38 ± 0.46 c

	
1.81 ± 0.57 c




	
Total aldehydes

	
1341.44 ± 30.80 a

	
nd

	
699.87 ± 17.50 b

	
758.34 ± 28.53 b

	
478.48 ± 8.92 c

	
446.59 ± 12.27 c




	
Alcohols

	

	

	

	

	

	




	
Ethanol

	
nd

	
nd

	
7.78 ± 0.73

	
nd

	
nd

	
nd




	
1-Butanol

	
nd

	
5.01 ± 0.93

	
nd

	
nd

	
nd

	
nd




	
1-Penten-3-ol

	
61.13 ± 3.21 a

	
32.03 ± 5.10 b

	
40.44 ± 3.71 b

	
27.75 ± 0.56 bc

	
12.90 ± 0.77 c

	
nd




	
1-Pentanol

	
nd

	
21.92 ± 1.34 b

	
61.16 ± 0.34 a

	
nd

	
nd

	
nd




	
1-Hexanol

	
nd

	
nd

	
289.18 ± 12.93

	
nd

	
nd

	
nd




	
1-Heptanol

	
nd

	
nd

	
116.55 ± 5.13

	
nd

	
nd

	
nd




	
1-Octanol

	
nd

	
nd

	
20.19 ± 0.76

	
nd

	
nd

	
nd




	
2,6-Dimethylcyclohexanol

	
109.89 ± 4.73 a

	
nd

	
106.64 ± 0.26 a

	
nd

	
nd

	
nd




	
5-Methyl-2-furanmethanol

	
nd

	
28.48 ± 1.22

	
nd

	
nd

	
nd

	
nd




	
Total alcohols

	
171.02 ± 5.90 b

	
87.44 ± 5.47 c

	
641.94 ± 18.53 a

	
27.75 ± 0.46 d

	
12.90 ± 0.63 d

	
nd




	
Acids

	

	

	

	

	

	




	
Hexanoic acid

	
nd

	
nd

	
nd

	
7.87 ± 0.57 a

	
4.93 ± 0.39 b

	
5.86 ± 0.13 b




	
Esters

	

	

	

	

	

	




	
Methyl salicylate

	
163.25 ± 1.61 c

	
240.20 ± 12.70 ab

	
190.91 ± 4.58 c

	
219.98 ± 1.52 b

	
70.57 ± 6.66 d

	
257.76 ± 4.48 a




	
Benzenes and benzene derivatives

	

	

	

	

	

	




	
Benzaldehyde

	
321.98 ± 4.94 a

	
25.18 ± 0.49 c

	
30.14 ± 3.05 c

	
299.63 ± 14.09 a

	
242.48 ± 9.25 b

	
238.97 ± 10.15 b




	
Benzyl alcohol

	
nd

	
14.81 ± 0.44 b

	
23.34 ± 0.69 a

	
nd

	
nd

	
nd




	
Benzoic acid

	
nd

	
nd

	
nd

	
nd

	
8.21 ± 0.54 b

	
16.93 ± 1.21 a




	
Phenol

	
nd

	
20.90 ± 0.28

	
nd

	
nd

	
nd

	
nd




	
2,4-Di-tert-butylphenol

	
7.65 ± 1.25 a

	
7.47 ± 0.37 a

	
5.56 ± 0.57 ab

	
5.67 ± 0.14 ab

	
3.40 ± 0.25 b

	
4.56 ± 0.44 b




	
Total benzenes and benzene derivatives

	
329.64 ± 5.87 a

	
68.56 ± 0.64 c

	
59.03 ± 2.17 c

	
305.30 ± 11.51 a

	
254.09 ± 9.09 b

	
260.46 ± 9.71 b




	
Hydrocarbons

	

	

	

	

	

	




	
Toluene

	
173.85 ± 1.65 a

	
39.45 ± 1.94 c

	
62.61 ± 2.18 b

	
15.35 ± 0.40 e

	
26.97 ± 1.89 d

	
nd




	
Furans

	

	

	

	

	

	




	
2-Ethylfuran

	
299.42 ± 23.69 a

	
nd

	
38.19 ± 2.18 b

	
61.68 ± 0.39 b

	
14.32 ± 1.12 b

	
16.55 ± 0.66 b




	
Pyrazines

	

	

	

	

	

	




	
2,5-Dimethylpyrazine

	
nd

	
159.03 ± 5.90

	
nd

	
nd

	
nd

	
nd




	
Sulfur-containing

	

	

	

	

	

	




	
Dimethyl sulfide

	
nd

	
26.71 ± 3.56

	
nd

	
nd

	
nd

	
nd




	
Isobutyl isothiocyanate

	
nd

	
3.16 ± 0.52

	
nd

	
nd

	
nd

	
nd




	
Miscellaneous

	

	

	

	

	

	




	
Methylethylmaleimide

	
19.43 ± 0.23 ab

	
6.32 ± 0.29 e

	
16.14 ± 1.59 bc

	
20.84 ± 0.46 a

	
15.10 ± 1.38 cd

	
12.03 ± 1.05 d




	
Dihydroactinidiolide

	
56.51 ± 3.48 ab

	
58.12 ± 0.63 a

	
47.21 ± 5.19 ab

	
57.08 ± 1.09 a

	
43.17 ± 1.64 b

	
48.28 ± 2.49 ab




	
Total Miscellaneous

	
75.94 ± 4.45 a

	
64.44 ± 0.38 b

	
63.35 ± 5.28 b

	
77.92 ± 1.81 a

	
58.27± 1.67 b

	
60.31 ± 1.22 b








All measurements were performed in triplicate and expressed as mean ± SD (n = 3). Different letters within the same row represent significant differences; nd: non-detected.
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Table 2. Changes of the aromatic profile in the brown seaweed Laminaria sp. fermented by various microorganisms.






Table 2. Changes of the aromatic profile in the brown seaweed Laminaria sp. fermented by various microorganisms.





	
Compounds

	
Concentration (µg/L)




	
Unfermented

	
BS

	
SC

	
LA

	
LB

	
LC






	
Ketones

	

	

	

	

	

	




	
2,3-Butanedione

	
nd

	
29.03 ± 8.54

	
nd

	
nd

	
nd

	
nd




	
1-Penten-3-one

	
18.97 ± 2.08 a

	
8.65 ± 0.78 b

	
3.32 ± 0.57 b

	
7.03 ± 1.33 b

	
20.77 ± 2.45 a

	
22.18 ± 0.84 a




	
3-Octanone

	
nd

	
113.96 ± 9.33 b

	
215.13 ± 7.16 a

	
33.38 ± 0.88 d

	
53.68 ± 1.83 c

	
46.85 ± 2.08 cd




	
3-Hydroxy-2-butanone

	
nd

	
672.20 ± 35.20

	
nd

	
nd

	
nd

	
nd




	
2-Octanone

	
nd

	
nd

	
40.54 ± 1.44

	
nd

	
nd

	
nd




	
1-Octen-3-one

	
254.73 ± 4.42 bc

	
207.96 ± 2.92 d

	
87.66 ± 0.70 e

	
228.68 ± 4.92 cd

	
277.10 ± 11.00 ab

	
297.45 ± 16.51 a




	
3-Octen-2-one

	
nd

	
nd

	
11.49 ± 0.77

	
nd

	
nd

	
nd




	
3,5-Octadien-2-one

	
9.86 ± 0.22 d

	
10.12 ± 1.75 d

	
21.77 ± 1.03 a

	
11.99 ± 0.97 cd

	
13.29 ± 0.85 bc

	
15.54 ± 0.66 b




	
β-Ionone

	
3.82 ± 0.58 c

	
3.71 ± 0.21 c

	
7.85 ± 0.79 b

	
11.78 ± 1.25 a

	
13.47 ± 0.76 a

	
12.77 ± 0.25 a




	
Total ketones

	
278.38 ± 7.98 c

	
1048.63 ± 37.34 a

	
387.76 ± 8.23 b

	
285.83 ± 6.33 c

	
378.31 ± 9.95 b

	
394.79 ± 23.44 b




	
Aldehydes

	

	

	

	

	

	




	
3-Methylbutanal

	
2.56 ± 0.05 b

	
nd

	
nd

	
6.42 ± 0.74 a

	
1.90 ± 0.08 b

	
1.42 ± 0.36 b




	
2-Butenal

	
55.74 ± 0.89 ab

	
28.78 ± 1.89 cd

	
24.42 ± 3.09 d

	
41.96 ± 4.29 bc

	
67.56 ± 3.39 a

	
64.68 ± 7.23 a




	
Hexanal

	
265.90 ± 15.47 a

	
95.22 ± 3.50 cd

	
60.55 ± 2.27 d

	
112.22 ± 10.99 c

	
191.26 ± 9.72 b

	
162.73 ± 13.50 b




	
(E)-2-Pentenal

	
18.89 ± 1.92 ab

	
10.38 ± 0.97 c

	
10.02 ± 0.35 c

	
13.64 ± 0.71 bc

	
21.36 ± 1.84 a

	
20.71 ± 2.57 a




	
Heptanal

	
26.92 ± 2.84 a

	
11.99 ± 1.57 b

	
15.39 ± 1.12 b

	
11.45 ± 0.74 b

	
14.69 ± 2.82 b

	
13.66 ± 1.70 b




	
(E)-2-Hexenal

	
29.48 ± 0.83 a

	
13.27 ± 0.80 c

	
10.22 ± 0.19 c

	
18.70 ± 2.31 b

	
28.88 ± 0.91 a

	
28.26 ± 1.01 a




	
(Z)-4-Heptenal

	
10.94 ± 2.58 a

	
4.42 ± 0.21 b

	
4.40 ± 0.06 b

	
9.92 ± 0.32 ab

	
11.78 ± 1.72 a

	
15.23 ± 1.24 a




	
Octanal

	
40.10 ± 1.26 b

	
nd

	
nd

	
35.97 ± 1.29 b

	
60.53 ± 3.28 a

	
61.45 ± 1.74 a




	
(E)-2-Heptenal

	
1179.00 ± 45.48 a

	
538.71 ± 31.97 d

	
429.48 ± 7.48 d

	
761.00 ± 32.68 c

	
931.45 ± 7.23 b

	
1053.81 ± 37.85 ab




	
Nonanal

	
20.36 ± 0.86 ab

	
6.56 ± 1.58 d

	
21.16 ± 1.58 a

	
11.82 ± 0.59 c

	
16.55 ± 0.46 abc

	
16.22 ± 1.46 bc




	
Furfural

	
65.36 ± 1.74 a

	
nd

	
nd

	
26.26 ± 1.93 b

	
22.71 ±2.21 b

	
23.45 ± 2.80 b




	
(E)-2-Octenal

	
nd

	
nd

	
nd

	
95.66 ± 7.85 b

	
163.08 ± 17.07 a

	
106.47 ± 3.97 b




	
2,4-Heptadienal

	
76.42 ± 8.21 a

	
39.33 ± 2.57 cd

	
34.32 ± 3.78 d

	
49.91 ± 1.59 bcd

	
62.51 ± 6.82 ab

	
57.43 ± 0.86 bc




	
5-Methylfurfural

	
8.22 ± 0.61 b

	
nd

	
nd

	
6.92 ± 0.79 b

	
11.52 ± 0.40 a

	
10.95 ± 1.11 a




	
(E,Z)-2,6-Nonadienal

	
5.68 ± 0.48 c

	
nd

	
6.60 ± 1.48 c

	
24.14 ± 0.87 b

	
27.55 ± 0.56 a

	
21.88 ± 0.49 b




	
(E)-2-Decenal

	
76.05 ± 5.16 d

	
107.63 ± 4.87 d

	
155.49 ± 4.71 c

	
264.40 ± 16.70 b

	
358.26 ± 14.80 a

	
362.13 ± 14.09 a




	
2,4-Nonadienal

	
15.89 ± 0.73 c

	
5.15 ± 0.80 d

	
nd

	
31.85 ± 0.92 a

	
24.02 ± 1.59 b

	
28.67 ±1.00 a




	
2,4-Decadienal

	
49.62 ± 2.56 b

	
15.08 ± 1.12 c

	
24.91 ± 3.88 bc

	
106.58 ± 2.20 a

	
121.19 ± 9.81 a

	
118.74 ± 16.88 a




	
Total aldehydes

	
1947.12 ± 53.11 b

	
876.51 ± 33.6 d

	
796.96 ± 12.63 d

	
1628.84 ± 47.68 c

	
2136.79 ± 50.62 a

	
2167.90 ± 48.24 a




	
Alcohols

	

	

	

	

	

	




	
Ethanol

	
nd

	
nd

	
12.63 ± 0.80

	
nd

	
nd

	
nd




	
Cyclopentanol

	
nd

	
nd

	
11.70 ± 0..58

	
nd

	
nd

	
nd




	
3-Methylbutanol

	
nd

	
nd

	
23.46 ± 0.96

	
nd

	
nd

	
nd




	
1-Pentanol

	
nd

	
7.30 ± 0.62 b

	
16.89 ± 1.66 a

	
4.64 ± 0.54 b

	
7.90 ± 0.35 b

	
7.53 ± 0.51 b




	
1-Hexanol

	
nd

	
127.85 ± 3.58 c

	
259.36 ± 2.34 a

	
128.01 ± 8.90 c

	
201.03 ± 10.89 b

	
211.71 ± 11.57 b




	
1-Octen-3-ol

	
529.91 ± 24.37 a

	
538.68 ± 16.09 a

	
253.74 ± 3.03 b

	
544.97 ±18.97 a

	
514.24 ±31.25 a

	
593.38 ± 3.70 a




	
1-Heptanol

	
nd

	
nd

	
910.33 ± 23.18

	
nd

	
nd

	
nd




	
2,3-Butanediol

	
nd

	
456.59 ± 4.97

	
nd

	
nd

	
nd

	
nd




	
1-Octanol

	
90.09 ± 1.90 d

	
201.19 ± 14.91 c

	
455.22 ± 4.54 a

	
196.11 ± 2.55 c

	
262.85 ± 2.90 b

	
290.12 ± 11.55 b




	
(E)-2-Octen-1-ol

	
191.70 ± 4.63 b

	
202.29 ± 31.14 b

	
192.55 ± 10.89 b

	
192.66 ± 4.30 b

	
274.78 ± 19.36 a

	
288.80 ± 15.10 a




	
2,7-Octadien-1-ol

	
51.53 ± 1.56 d

	
64.25 ± 1.84 c

	
57.60 ± 2.07 cd

	
76.57 ± 4.31 b

	
111.36 ± 1.79 a

	
104.31 ± 2.80 a




	
1-Decanol

	
nd

	
nd

	
23.09 ± 1.34

	
nd

	
nd

	
nd




	
Total alcohols

	
863.23 ± 30.80 e

	
1598.15 ± 39.04 b

	
2216.58 ± 24.71 a

	
1142.96 ± 14.19 d

	
1372.16 ± 62.92 c

	
1495.85 ± 42.46 bc




	
Acids

	

	

	

	

	

	




	
Acetic acid

	
nd

	
17.36 ± 0.43

	
nd

	
nd

	
nd

	
nd




	
2-Methylbutanoic acid

	
nd

	
49.21 ± 44.15

	
nd

	
nd

	
nd

	
nd




	
Hexanoic acid

	
nd

	
nd

	
nd

	
10.91 ± 0.48 b

	
15.98 ± 1.17 a

	
15.26 ± 0.78 a




	
Octanoic acid

	
nd

	
12.20 ± 0.55 a

	
6.31 ± 0.67 b

	
10.29 ± 0.92 a

	
10.23 ± 0.86 a

	
12.45 ± 0.76 a




	
Nonanoic acid

	
nd

	
11.07 ± 0.93 a

	
nd

	
14.96 ± 1.84 a

	
13.94 ± 3.46 a

	
14.33 ± 0.76 a




	
Decanoic acid

	
nd

	
nd

	
nd

	
4.20 ± 0.61 a

	
4.94 ± 0.44 a

	
5.67 ± 0.60 a




	
Dodecanoic acid

	
nd

	
nd

	
nd

	
5.32 ± 0.48

	
nd

	
nd




	
Tetradecanoic acid

	
18.80 ± 1.95 d

	
24.98 ± 1.55 d

	
48.72 ± 4.91 bc

	
56.89 ± 2.48 ab

	
62.49 ± 0.94 a

	
40.36 ± 1.68 c




	
Hexadecanoic acid

	
nd

	
12.89 ± 1.71 c

	
24.13 ± 3.76 b

	
41.40 ± 0.76 a

	
35.01 ± 3.87 ab

	
31.15 ± 3.54 ab




	
Total acids

	
18.80 ± 1.95 d

	
127.71 ± 1.58 ab

	
79.17 ± 8.81 c

	
143.97 ± 2.80 a

	
142.58 ± 4.55 a

	
119.21 ± 5.36 b




	
Esters

	

	

	

	

	

	




	
Methyl salicylate

	
46.54 ± 6.17 d

	
59.44 ± 4.59 d

	
131.18 ± 7.47 c

	
296.03 ± 8.07 a

	
219.04 ± 6.85 b

	
118.80 ± 2.05 c




	
Benzenes and benzene derivatives

	

	

	

	

	

	




	
Benzaldehyde

	
37.53 ± 1.77 b

	
nd

	
10.57 ± 0.60 c

	
43.14 ± 1.38 ab

	
41.65 ± 1.80 b

	
47.99 ± 2.40 a




	
Benzyl alcohol

	
nd

	
nd

	
8.49 ± 045

	
nd

	
nd

	
nd




	
Phenethyl alcohol

	
nd

	
nd

	
39.24 ± 2.20

	
nd

	
nd

	
nd




	
2,4-Di-tert-butylphenol

	
3.10 ± 0.26 c

	
4.21 ± 0.07 bc

	
3.96 ± 0.09 c

	
5.42 ± 0.10 ab

	
5.55 ± 0.27 a

	
5.31 ± 0.59 ab




	
Total benzenes and benzene derivatives

	
40.63 ± 1.58 c

	
4.21 ± 0.07 d

	
62.27 ± 2.75 a

	
48.56 ± 1.31 b

	
47.20 ± 1.60 bc

	
53.31 ± 2.70 b




	
Miscellaneous

	

	

	

	

	

	




	
Methylethylmaleimide

	
3.71 ± 0.60 b

	
2.68 ± 0.37 b

	
6.32 ± 0.24 a

	
3.84 ± 0.58 b

	
4.03 ± 0.56 b

	
4.20 ± 0.36 ab




	
Dihydroactinidiolide

	
8.22 ± 0.64 c

	
9.68 ± 0.48 bc

	
9.00 ± 0.15 bc

	
12.19 ± 0.42 a

	
10.86 ± 0.34 ab

	
10.77 ± 0.74 ab




	
Total Miscellaneous

	
11.94 ± 0.39 b

	
12.36 ± 0.30 b

	
15.32 ± 0.42 a

	
16.03 ± 0.81 a

	
14.89 ± 0.96 a

	
14.97 ± 1.25 a








All measurements were performed in triplicate and expressed as mean ± SD (n = 3). Different letters within the same row represent significant differences; nd: non-detected.
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Table 3. Odor description and intensity of the odor-active compounds in the green seaweed Ulva sp. fermentations.






Table 3. Odor description and intensity of the odor-active compounds in the green seaweed Ulva sp. fermentations.





	
Compounds

	
Odor Description a

	
Odor Intensity b




	
UF

	
BS

	
SC






	
Pleasant odors

	

	

	

	




	
  6-Methyl-5-hepten-2-one

	
Floral

	
W

	
M

	




	
  3,5-Octadien-2-one

	
Fruity

	
W

	
W

	
W




	
  Propiophenone

	
Floral

	
M

	
W

	
M




	
  trans-β-Ionone

	
Floral

	

	
W

	




	
  β-Ionone

	
Violet, floral

	
S

	
S

	
S




	
  5,6-Epoxide-β-Ionone

	
Floral, sweet

	
M

	
M

	
M




	
  Benzaldehyde

	
Floral, sweet

	
M

	
W

	
W




	
  1-Hexanol

	
Floral, sweet

	

	

	
M




	
  1-Heptanol

	
Sweet

	

	

	
W




	
  1-Octanol

	
Waxy, citrus

	

	

	
M




	
  Benzyl alcohol

	
Floral, fruity

	

	
M

	
M




	
  2,5-Dimethylpyrazine

	
Nutty, roasted

	

	
M

	




	
  Unknown 1

	
Floral

	

	
M

	
M




	
Unpleasant odors

	

	

	

	




	
  Hexanal

	
Fishy, grassy

	
M

	

	
W




	
  5-Methylfurfural

	
Caramellic, fried, toasty

	
S

	

	
S




	
  Unknown 2

	
Fishy

	
M

	
M

	
M




	
  Unknown 3

	
Earthy, musty

	
M

	
M

	
M




	
  Unknown 4

	
Fatty, oily

	
W

	
W

	
W




	
Neutral odors

	

	

	

	




	
  Safranal

	
Herbal

	
W

	

	
W




	
  Methyl salicylate

	
Minty, wintergreen

	
M

	
M

	
M




	
  Unknown 5

	
Tea

	
M

	
W

	
M




	
  Unknown 6

	
Plastic

	
W

	

	
W








UF: unfermented; BS: Bacillus subtilis; SC: Saccharomyces cerevisiae. a Odor description perceived at the olfactory detection port. b The perceived odor intensity was evaluated and recorded using the degree of strong (S), medium (M), and weak (W).
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Table 4. Odor description and intensity of the odor-active compounds in the brown seaweed Laminaria sp. fermented by various microorganisms.






Table 4. Odor description and intensity of the odor-active compounds in the brown seaweed Laminaria sp. fermented by various microorganisms.





	
Compounds

	
Odor Description a

	
Odor Intensity b




	
UF

	
BS

	
SC






	
Pleasant odors

	

	

	

	




	
  2,3-Butanedione

	
Yogurt, creamy

	

	
M

	




	
  3-Hydroxy-2-butanone

	
Sweet

	

	
W

	




	
  2-Octanone

	
Fruity

	

	

	
W




	
  3,5-Octadien-2-one

	
Fruity

	

	

	
W




	
  β-Ionone

	
Violet, floral

	
M

	
M

	
M




	
  Benzaldehyde

	
Fruity, sweet

	
M

	

	
W




	
  1-Hexanol

	
Floral, sweet

	

	

	
M




	
  1-Heptanol

	
Sweet

	

	

	
S




	
  2,3-Butanediol

	
Fruity, sweet

	

	
W

	




	
  1-Octanol

	
Waxy, citrus

	
W

	
M

	
M




	
  Benzyl alcohol

	
Fruity, floral

	

	

	
W




	
  Phenethyl alcohol

	
Floral

	

	

	
W




	
Unpleasant odors

	

	

	

	




	
  1-Octen-3-one

	
Fishy, Metallic

	
S

	
S

	
M




	
  Hexanal

	
Grassy

	
M

	
W

	
W




	
  Octanal

	
Fatty

	
W

	

	




	
  (E)-2-Heptenal

	
Fatty, oily

	
S

	
W

	
W




	
  2,4-Heptadienal

	
Fatty

	
W

	

	




	
  (E,Z)-2,6-Nonadienal

	
Cucumber

	
W

	

	
W




	
  (E)-2-Decenal

	
Coriander

	
S

	
S

	
S




	
  2,4-Nonadienal

	
Fatty, oily

	
M

	
W

	




	
  2,4-Decadienal

	
Fatty, oily

	
M

	
W

	
W




	
  1-Octen-3-ol

	
Fatty, oily

	
M

	
M

	
W




	
  (E)-2-Octen-1-ol

	
Fatty, oily

	
W

	
W

	
W




	
  2-Methylbutanoic acid

	
Rancid, sweaty

	

	
W

	




	
  Unknown 1

	
Fishy

	
S

	
W

	
W




	
  Unknown 2

	
Earthy, unpleasant

	
M

	
W

	
M




	
  Unknown 3

	
Rancid, musty

	
S

	
M

	
M




	
  Unknown 4

	
Fishy, rancid

	
S

	
S

	
W




	
Neutral odors

	

	

	

	




	
  1-Penten-3-one

	
Pungent, fresh

	
M

	
W

	
W




	
  (Z)-4-Heptenal

	
Tea

	
M

	
M

	
M




	
  Nonanal

	
Waxy, fresh

	
M

	
W

	
W




	
  Methyl salicylate

	
Minty, wintergreen

	
W

	
W

	
M




	
  Unknown 5

	
Tea

	
M

	
W

	
W




	
  Unknown 6

	
Bitter

	
M

	
W

	
W




	
  Unknown 7

	
Herbal

	
M

	
M

	
M




	
  Unknown 8

	
Herbal

	
M

	
M

	
W








UF: unfermented; BS: Bacillus subtilis; SC: Saccharomyces cerevisiae. a Odor description perceived at the olfactory detection port. b The perceived odor intensity was evaluated and recorded using the degree of strong (S), medium (M), and weak (W).
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