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Abstract: Labyrinthulomycete protists have gained significant attention in the recent past for their
biotechnological importance. Yet, their lipid profiles are poorly described because only a few large-scale
isolation attempts have been made so far. Here, we isolated more than 200 strains from mangrove
habitats of China and characterized the molecular phylogeny and lipid accumulation potential of 71
strains. These strains were the closest relatives of six genera namely Aurantiochytrium, Botryochytrium,
Parietichytrium, Schizochytrium, Thraustochytrium, and Labyrinthula. Docosahexaenoic acid (DHA)
production of the top 15 strains ranged from 0.23 g/L to 1.14 g/L. Two labyrinthulid strains, GXBH-107
and GXBH-215, exhibited unprecedented high DHA production potential with content >10% of
biomass. Among all strains, ZJWZ-7, identified as an Aurantiochytrium strain, exhibited the highest
DHA production. Further optimization of culture conditions for strain ZJWZ-7 showed improved
lipid production (1.66 g/L DHA and 1.68 g/L saturated fatty acids (SFAs)) with glycerol-malic-acid,
peptone-yeast-extract, initial pH 7, 28 ◦C, and rotation rate 150 rpm. Besides, nitrogen source, initial pH,
temperature, and rotation rate had significant effects on the cell biomass, DHA, and SFAs production.
This study provides the identification and characterization of nearly six dozen thraustochytrids and
labyrinthulids with high potential for lipid accumulation.
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1. Introduction

Labyrinthulomycete protists are a group of marine fungus-like organisms classified within
the kingdom Straminipila and are characterized by their ability to produce heterokont biflagellate
zoospores and ectoplasmic networks [1]. Based on their morphological and molecular characteristics,
these osmoheterotrophic protists are grouped into three distinct groups namely thraustochytrids,
labyrinthulids, and aplanochytrids [2–5]. These protists live as commensals or mutualists within the
guts and tissues of marine invertebrates, and also as saprobes on mollusk shells and their feces [5].
They are considered to play important roles toward the decomposition and mineralization of organic
detritus, such as macroalgae and submerged mangrove leaves, by producing a range of hydrolytic
enzymes [6–8]. By production of motile zoospores, these heterotrophic protists colonize detritus
much more rapidly than fungi and play significant roles in the aquatic food web through degradative
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activities [8]. Partial evidence for the ecological roles of this group of protists suggests their significance
in the coastal food-web dynamics and organic matter cycling [9].

Labyrinthulomycetes are the most ubiquitous and widespread straminipilan protists in oceans
with a total of 13 known genera and 30 described species so far [10]. They have been isolated, using
the direct-plating and pollen-baiting methods, from various habitats (e.g., marine seawater, estuarine
water, sediments, decaying mangrove leaves, and senescent macroalgae) [11–16]. Yet, the majority
of the species described are isolated from only a limited number of coastal regions, for example,
Japan [17], Australia [12,18], Canada [19], India [20–22], Chile [11], China [23], Malaysia [24,25], and
Thailand [26]. Consequently, the catalogue of these protists for many of the coastal regions across the
globe remain poorly described, which limits our understanding of their true culturable diversity and
ecological significance.

Although the labyrinthulids group are important ecologically, there is no formal estimate of their
culturable diversity. So far, only a few studies have reported on the isolation of labyrinthulids [15,27].
On the contrary, the group thraustochytrids has gained significant attention of researchers because of their
biotechnological potential [28]. Especially, some species of Schizochytrium and Aurantiochytrium exhibit
the ability to produce large amounts of polyunsaturated fatty acids (PUFAs) such as docosahexaenoic
acid (DHA) used in dietary supplements [13,24,25,29–33]. Besides DHA, some strains of thraustochytrids
(e.g., Schizochytrium sp. PKU#Mn4 and Thraustochytriidae sp. PKU#Mn16 were reported to produce
high amounts of saturated fatty acids (SFAs) [34]. While the thraustochytrids group comprises
well-known DHA and SFAs producers, only one report suggests the potential of labyrinthulid protists
for DHA production [27]. Despite growing evidence for potential PUFAs and SFAs production,
the culturable diversity and optimal culture conditions of thraustochytrids and labyrinthulids are
yet to be fully understood.

China has a long coastline spanning the Yellow Sea, East China Sea, and the South China Sea.
However, up until now, only 60 thraustochytrid strains, closely related to the genera Schizochytrium,
Aurantiochytrium, and Thraustochytrium, have been isolated from the coastal waters of China
(i.e., Shenzhen bay) [23]. Therefore, in this study, we conducted isolation of Labyrinthulomycete protists
on large-scale covering sampling sites from five different coastal provinces of China (Figure 1). Besides
phylogenetic diversity across these provinces, this study reports the DHA production potential of
representative thraustochytrid and labyrinthulid isolates and the optimal culture conditions for maximal
DHA accumulation by the top strain. The present investigation aims to provide a comprehensive
report on the isolation, characterization, phylogeny, and lipid production potential of several dozen
Labyrinthulomycetes from Chinese coastal habitats.
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2. Results

2.1. Culturable Diversity of Labyrinthulomycete Protists

More than 200 Labyrinthulomycete isolates were obtained from marine samples (mangrove leaves
covered with sediment and water) collected from the coastal habitats of China (Figure 1, Table 1) using
both direct plating and pine-pollen baiting methods. Colonies of all the isolates displayed whitish
appearance. Under the microscope, the thraustochytrid cells exhibited globose or sub-globose shape
while labyrinthulid cells appeared spindle-shaped (Figure S1). From the primary screening based on
the Nile Red staining method, a total of 71 strains were found to accumulate lipid. Partial 18S rRNA
gene sequence analysis placed these strains into two major groups: thraustochytrids and labyrinthulids
(Table 1 and Table S1). At the genus level, the closest relatives of the 71 strains belonged to six different
genera namely Aurantiochytrium, Botryochytrium, Parietichytrium, Schizochytrium, Thraustochytrium, and
Labyrinthula (Table 2). Of these six genera, Botryochytrium, Pareietichytrium, and Labyrinthula are reported
for the first time in the coastal waters of China. Aurantiochytrium, Schizochytrium, and Labyrinthula
were the three most dominant genera that accounted for ca. 61%, 21.7%, and 13.2% of the total isolates,
respectively (Table 2). Low abundance genera, Parietichytrium, Botryochytrium, and Thraustochytrium,
were represented by only two, one, and six strains. All the six genera isolated in this research were
detected in Hainan province. Four genera namely Aurantiochytrium, Schizochytrium, Thraustochytrium,
and Labyrinthula were isolated in Guangxi province, while Parietichytrium and Thraustochytrium were
the only two genera isolated in Guangdong province. Notably, only Aurantiochytrium strains were
isolated in Fujian and Zhejiang provinces. Overall, about 93% of the total strains were isolated from
Guangxi and Hainan provinces and only three strains were isolated from Fujian and Zhejiang provinces.

Table 1. Information about sampling, isolation and identification of thraustochytrid and labyrinthulid strains.

Sampling Site Sampling
Date

Latitude
(◦N)

Longitude
(◦E)

Number
of Isolates

Genus Level
Classification

Number of
Strains

Haikou, Hainan
(HNHK)

2015.07 20.06231 110.3352 69 Aurantiochytrium,
Schizochytrium,

Thraustochytrium,
Botryochytrium,
Parietichytrium,

Thraustochytriidae,
Labyrinthula

17

Haikou, Hainan
(HNU)

2016.03 20.06344 110.3345 23 Aurantiochytrium,
Labyrinthula

6

Beihai, Guangxi
(GXBH)

2016.04 21.41175 109.1626 54 Aurantiochytrium,
Schizochytrium,

Thraustochytrium,
Thraustochytriidae,

Labyrinthula

32

Qinzhou, Guangxi
(GXQZ)

2016.04 21.74423 108.5903 16 Aurantiochytrium,
Thraustochytrium,

Labyrinthula

11

Shenzhen,
Guangdong

(GDSZ)

2015.08 22.52029 113.9496 22 Thraustochytrium,
Thraustochytriidae

2

Longhai, Fujian
(FJLH)

2015.09 24.43823 117.9037 7 Aurantiochytrium 2

Quanzhou, Fujian
(FJQZ)

2015.09 24.94337 118.6748 6 Aurantiochytrium 0

Zhangzhou,
Fujian (FJZZ)

2015.09 23.92075 117.4167 10 Aurantiochytrium,
Schizochytrium,

Thraustochytrium,

0

Wenzhou,
Zhejiang (ZJWZ)

2015.09 28.34687 121.1738 5 Aurantiochytrium 1
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Table 2. List of different genera of thraustochytrid and labyrinthulid strains isolated in this study.

Group Genus Number of Isolates in Each
Genus

Number of Sequences
Submitted

Thraustochytrids

Aurantiochytrium 129 27
Schizochytrium 46 7

Thraustochytrium 6 6
Botryochytrium 1 1
Parietichytrium 2 2

Labyrinthulids Labyrinthula 28 28

Phylogenetic analysis of the 71 strains revealed that the thraustochytrid and labyrinthulid clades
are monophyletic and had diversified from a common ancestor (Figure 2). The strains belonging to
genera Aurantiochytrium, Botryochytrium, Parietichytrium, Schizochytrium, Thraustochytrium separated
into four groups with a paraphyletic relationship to each other. These four paraphyletic groups included:
group 1 (Thraustochytrium sp. GXQ2-1), group 2 (Thraustochytriaceae sp. HNHK-18, Schizochytrium sp.
HNHK-75 and HNHK-86), group 3 (Botryochytrium sp. HNHK-87, Parietichytrium sp. HNHK-88 and
HNHK-12), and group 4 (Thraustochytriaceae sp. GDSZ-2, Schizochytrium sp. GXBH-108, and all strains
of Aurantiochytrium). The two strains each of Thraustochytriaceae sp. (HNHK-18 and GDSZ-2) and
Schizochytrium sp. (HNHK-75 and GXBH-108) were distributed in different groups, which suggest that
the currently used nomenclature might need reconsideration. Overall, our ML tree of thraustochytrid
and labyrinthulid groups clearly demonstrate their monophyletic relationship consistent with the
previous report [35].
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2.2. Screening for High Docosahexaenoic Acid (DHA)-Producing Strains

The lipid accumulation in representatives of 71 thraustochytrid and labyrinthulid strains was
semi-quantitatively analyzed by Nile Red staining method (Figure S1). Subsequently, a total of 48
strains with the capacity for intracellular lipid accumulation were identified. Of these 48 strains, 30 were
members of the thraustochytrid group while 18 strains belonged to the labyrinthulid group (Figure 3).
The results of growth and DHA production of these screened strains demonstrated that DHA content of
15 strains, including 13 thraustochytrid and two labyrinthulid strains, reached up to 10% of biomass
(Table 3). The DHA yields of these 15 potential DHA-producing strains differed widely, ranging from
0.23 g/L to 1.14 g/L (Figure 3). Among these strains, the maximum PUFAs (% total fatty acids (TFAs)) and
DHA content (% TFAs) were 53.69% and 42.95%, respectively, in strain GXBH-216. However, this strain
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had limited biotechnological applications because of its low biomass yield (1.72 g/L) (Table 3). On the
other hand, GXBH-220 although showed the highest biomass yield (7.52 g/L), had a lower TFAs content
(30.69% biomass). Similarly, strain GXBH-227 which exhibited the highest TFAs content (47.57% biomass)
showed the lowest DHA content (28.54% TFAs). Notably, strain ZJWZ-7 isolated from subtropical coastal
mangroves of Wenzhou in Zhejiang province showed the highest DHA (0.17 g/g and 1.14 g/L) and PUFAs
(20.35% biomass and 1.39 g/L) production. Therefore, further optimization of the culture conditions for
strain ZJWZ-7 was conducted with the objective of improving its DHA accumulation.

The fatty acids profiles of the 15 strains revealed that SFAs, monounsaturated fatty acids (MUFAs),
and PUFAs were the major constituents (Table 3). The dominant fatty acids in these strains were palmitic
acid (PA, C16:0, 36.11%–46.32%) and DHA (C22:6n3, 28.54%–42.95%). The other fatty acids present in
relatively fewer amounts were docosapentaenoic acid (DPA, C22:5n3, ~7.42%–9.77%), myristic acid
(MA, C14:0, ~3.90%–5.01%), and pentadecanoic acid (C15:0, ~1.54%–4.58%). Besides dodecanoic acid
(C12:0), heptadecanoic acid (C17:0), octadecanoic acid (C18:0), octadecenoic acid (C18:1n9), arachidonic
acid (ARA, C20:4n6), and eicosapentaenoic acid (EPA, C20:5n3) were also detected at low levels in
this study.

Mar. Drugs 2019, 17, x 7 of 18 

 

C18:0 
0.87 ± 

0.06 

0.77 ± 

0.00 

0.88 ± 

0.03 

0.91 ± 

0.06 

0.96 ± 

0.03 

0.71 ± 

0.00 

1.08 ± 

0.09 
 

C18:1n9 
0.45 ± 

0.09 

0.39 ± 

0.00 

0.37 ± 

0.03 

0.38 ± 

0.02 

0.40 ± 

0.01 

0.46 ± 

0.00 

0.38 ± 

0.00 
 

C20:4n6 
0.51 ± 

0.02 

0.48 ± 

0.01 

0.68 ± 

0.29 

0.42 ± 

0.01 

0.43 ± 

0.01 

0.58 ± 

0.01 

0.41 ± 

0.01 
 

C20:5n3 
0.32 ± 

0.03 

0.39 ± 

0.00 

0.33 ± 

0.02 

0.45 ± 

0.04 

0.50 ± 

0.02 

0.40 ± 

0.00 

0.49 ± 

0.01 
 

C22:5n3 
8.96 ± 

0.50 

7.31 ± 

0.06 

8.81 ± 

0.42 

7.77 ± 

0.15 

8.42 ± 

0.28 

8.36 ± 

0.04 

7.82 ± 

0.04 
 

C22:6n3 
39.55 ± 

0.89 

37.80 ± 

0.16 

39.38 ± 

2.72 

35.54 ± 

0.30 

39.14 ± 

0.30 

42.73 ± 

0.09 

36.32 ± 

0.32 
 

Total SFAs 48.81 51.44 46.25 54.38 50.03 44.85 53.35  

Total PUFAs 49.34 45.98 49.21 44.17 48.48 52.07 45.04  

Biomass (g/L) 
6.48 ± 

0.25 

7.22 ± 

0.10 

6.97 ± 

0.18 

6.72 ± 

0.18 

7.00 ± 

0.06 

7.51 ± 

0.26 
6.8 ± 0.32  

TFAs yield (% 

biomass) 

31.6 ± 

0.98 

30.26 ± 

0.23 

28.67 ± 

4.18 

31.48 ± 

4.32 

26.07 ± 

1.90 

30.88 ± 

2.64 

30.4 ± 

0.51 
 

TFAs productivity 

(g/L/d) 

0.51 ± 

0.02 

0.54 ± 

0.00 

0.50 ± 

0.06 

0.53 ± 

0.24 

0.46 ± 

0.03 

0.57 ± 

0.03 

0.52 ± 

0.03 
 

Note: SFAs: saturated fatty acids; PUFAs: polyunsaturated fatty acids. 

 

Figure 3. The DHA production profile of potential strains of thraustochytrids and labyrinthulids. 

2.3. Effect of Culture Conditions on the Cell Biomass, DHA and Saturated Fatty Acids (SFAs) Production 

The cell biomass, DHA and SFAs production of strain ZJWZ-7 increased with incubation time 

under the initial flask culture conditions. Their peak values were observed after 72 h (stationary stage) 

of cultivation (Figure S2). The one-factor-at-a-time (OFAT) optimization of the initial culture 

conditions for strain ZJWZ-7 demonstrated significant effects (P<0.05) of nitrogen source, 

temperature, initial pH, and rotation rate on the cell biomass, DHA and SFAs production (Table 4). 

Although carbon source had an insignificant effect (P > 0.05) on the SFAs production, it showed a 

significant (P < 0.05) effect on the biomass and DHA production (Table 4). Of all the carbon sources 

tested, glycerol-malic-acid and fructose were the best for DHA and SFAs production, respectively 

(Figure 4a). On the other hand, peptone-yeast-extract was the best nitrogen source for DHA and SFAs 

production (Figure 4b). In general, the organic nitrogen, except urea, facilitated the cell growth and 

DHA accumulation more effectively than the inorganic nitrogen (Figure 4b). In addition, the OFAT 

experimental results revealed that the optimization of KH2PO4 and salinity may not significantly 

(P>0.05) improve the cell growth, DHA and SFAs production of strain ZJWZ-7 (Table 5). Notably, 

Figure 3. The DHA production profile of potential strains of thraustochytrids and labyrinthulids.



Mar. Drugs 2019, 17, 268 7 of 18

Table 3. Fatty acid composition (percentage), biomass, and yield and productivity of total fatty acids (TFAs) of high docosahexaenoic acid (DHA)-producing (>10%
biomass) thraustochytrid and labyrinthulid strains.

Strain ZJWZ-7 HNHK-100 GXBH-216 GXBH-227 GXBH-220 GXBH-228 GXBH-232 GXBH-110

C12:0 1.49 ± 0.26 1.45 ± 0.12 0.56 ± 0.08 0.10 ± 0.02 0.96 ± 0.10 0.43 ± 0.22 1.13 ± 0.10 0.70 ± 0.27
C14:0 4.85 ± 0.02 4.35 ± 0.04 3.90 ± 0.06 4.10 ± 0.34 4.70 ± 0.04 5.01 ± 0.12 4.39 ± 0.09 5.01 ± 0.04
C15:0 1.88 ± 0.01 1.74 ± 0.01 1.75 ± 0.18 4.58 ± 0.27 2.09 ± 0.00 2.01 ± 0.00 2.19 ± 0.04 1.82 ± 0.02
C16:0 41.77 ± 0.33 46.08 ± 0.29 37.19 ± 0.63 46.32 ± 1.02 36.11 ± 0.33 40.09 ± 0.23 36.70 ± 0.37 42.57± 0.14
C17:0 0.48 ± 0.00 0.53 ± 0.00 0.66 ± 0.07 1.40 ± 0.03 0.51 ± 0.01 0.49 ± 0.00 0.57 ± 0.01 0.44 ± 0.01
C18:0 0.91 ± 0.02 1.09 ± 0.00 0.88 ± 0.04 0.95 ± 0.04 0.73 ± 0.04 0.76 ± 0.00 0.83 ± 0.01 0.80 ± 0.03

C18:1n9 0.38 ± 0.00 0.32 ± 0.00 0.54 ± 0.10 0.11 ± 0.00 0.43 ± 0.00 0.49 ± 0.00 0.46 ± 0.00 0.33 ± 0.00
C20:4n6 0.44 ± 0.00 0.39 ± 0.00 0.50 ± 0.02 0.02 ± 0.03 0.55 ± 0.00 0.53 ± 0.01 0.53 ± 0.01 0.49 ± 0.00
C20:5n3 0.32 ± 0.00 0.24 ± 0.00 0.48 ± 0.06 0.26 ± 0.02 0.38 ± 0.01 0.37 ± 0.00 0.34 ± 0.01 0.35 ± 0.02
C22:5n3 7.63 ± 0.01 7.42 ± 0.02 9.77 ± 0.27 8.23 ± 0.40 8.52 ± 0.06 7.98 ± 0.01 9.26 ± 0.17 7.48 ± 0.09
C22:6n3 37.68 ± 0.06 34.31 ± 0.17 42.95 ± 1.02 28.54 ± 1.34 42.33 ± 0.54 39.60 ± 0.27 41.24 ± 0.35 37.72± 0.28

Total SFAs 51.38 55.25 44.94 57.45 45.11 48.79 45.8 51.42
Total PUFAs 46.07 42.36 53.69 37.05 51.77 48.47 51.38 46.04

Biomass (g/L) 6.83 ± 0.11 6.72 ± 0.22 1.72 ± 0.22 4.85 ± 0.45 7.52 ± 0.06 7.28 ± 0.23 7.45 ± 0.11 7.28 ± 0.07
TFAs yield (% biomass) 44.18 ± 1.15 40.2 ± 2.24 32.03 ± 5.88 47.57 ± 0.36 30.69 ± 0.50 32.57 ± 0.21 30.68 ± 7.09 33.5 ± 0.47

TFAs productivity (g/L/d) 0.74 ± 0.01 0.67 ± 0.02 0.14 ± 0.01 0.58 ± 0.03 0.57 ± 0.01 0.58 ± 0.02 0.56 ± 0.14 0.60 ± 0.01

Strain GXBH-111 GXBH-114 GXBH-137 GXBH-135 GXBH-233 GXBH-107 GXBH-215

C12:0 0.12 ± 0.02 0.66 ± 0.10 0.14 ± 0.03 0.13 ± 0.04 0.15 ± 0.02 0.62 ± 0.25 0.12 ± 0.01
C14:0 4.33 ± 0.51 5.70 ± 0.04 3.89 ± 0.16 4.67 ± 0.39 3.87 ± 0.19 4.56 ± 0.02 4.50 ± 0.22
C15:0 2.16 ± 0.13 1.72 ± 0.01 2.16 ± 0.09 1.73 ± 0.09 1.86 ± 0.04 1.54 ± 0.01 1.38 ± 0.02
C16:0 40.61 ± 0.67 42.16 ± 0.04 38.54 ± 1.71 46.38 ± 0.49 42.47 ± 0.29 37.03 ± 0.07 45.89 ± 0.51
C17:0 0.71 ± 0.02 0.44 ± 0.00 0.64 ± 0.11 0.56 ± 0.11 0.71 ± 0.01 0.38 ± 0.00 0.38 ± 0.01
C18:0 0.87 ± 0.06 0.77 ± 0.00 0.88 ± 0.03 0.91 ± 0.06 0.96 ± 0.03 0.71 ± 0.00 1.08 ± 0.09

C18:1n9 0.45 ± 0.09 0.39 ± 0.00 0.37 ± 0.03 0.38 ± 0.02 0.40 ± 0.01 0.46 ± 0.00 0.38 ± 0.00
C20:4n6 0.51 ± 0.02 0.48 ± 0.01 0.68 ± 0.29 0.42 ± 0.01 0.43 ± 0.01 0.58 ± 0.01 0.41 ± 0.01
C20:5n3 0.32 ± 0.03 0.39 ± 0.00 0.33 ± 0.02 0.45 ± 0.04 0.50 ± 0.02 0.40 ± 0.00 0.49 ± 0.01
C22:5n3 8.96 ± 0.50 7.31 ± 0.06 8.81 ± 0.42 7.77 ± 0.15 8.42 ± 0.28 8.36 ± 0.04 7.82 ± 0.04
C22:6n3 39.55 ± 0.89 37.80 ± 0.16 39.38 ± 2.72 35.54 ± 0.30 39.14 ± 0.30 42.73 ± 0.09 36.32 ± 0.32

Total SFAs 48.81 51.44 46.25 54.38 50.03 44.85 53.35
Total PUFAs 49.34 45.98 49.21 44.17 48.48 52.07 45.04

Biomass (g/L) 6.48 ± 0.25 7.22 ± 0.10 6.97 ± 0.18 6.72 ± 0.18 7.00 ± 0.06 7.51 ± 0.26 6.8 ± 0.32
TFAs yield (% biomass) 31.6 ± 0.98 30.26 ± 0.23 28.67 ± 4.18 31.48 ± 4.32 26.07 ± 1.90 30.88 ± 2.64 30.4 ± 0.51

TFAs productivity (g/L/d) 0.51 ± 0.02 0.54 ± 0.00 0.50 ± 0.06 0.53 ± 0.24 0.46 ± 0.03 0.57 ± 0.03 0.52 ± 0.03

Note: SFAs: saturated fatty acids; PUFAs: polyunsaturated fatty acids.
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2.3. Effect of Culture Conditions on the Cell Biomass, DHA and Saturated Fatty Acids (SFAs) Production

The cell biomass, DHA and SFAs production of strain ZJWZ-7 increased with incubation time
under the initial flask culture conditions. Their peak values were observed after 72 h (stationary stage)
of cultivation (Figure S2). The one-factor-at-a-time (OFAT) optimization of the initial culture conditions
for strain ZJWZ-7 demonstrated significant effects (P < 0.05) of nitrogen source, temperature, initial pH,
and rotation rate on the cell biomass, DHA and SFAs production (Table 4). Although carbon source
had an insignificant effect (P > 0.05) on the SFAs production, it showed a significant (P < 0.05) effect
on the biomass and DHA production (Table 4). Of all the carbon sources tested, glycerol-malic-acid
and fructose were the best for DHA and SFAs production, respectively (Figure 4a). On the other
hand, peptone-yeast-extract was the best nitrogen source for DHA and SFAs production (Figure 4b).
In general, the organic nitrogen, except urea, facilitated the cell growth and DHA accumulation more
effectively than the inorganic nitrogen (Figure 4b). In addition, the OFAT experimental results revealed
that the optimization of KH2PO4 and salinity may not significantly (P>0.05) improve the cell growth,
DHA and SFAs production of strain ZJWZ-7 (Table 5). Notably, DHA production by strain ZJWZ-7
was relatively more at low temperature (25–28 ◦C), initial pH (pH 7), and rotating rate (150–250 rpm)
(Table 5).

Overall, the optimal culture conditions, (i.e., glycerol-malic-acid as a carbon source, peptone-yeast-
extract as a nitrogen source, initial pH 7, 28 ◦C, and rotation rate 150 rpm) improved DHA production by
strain ZJWZ-7.

Table 4. Significant (P < 0.05, analysis of variance (ANOVA)) parameters that influenced the cell
biomass, DHA, and SFAs production of Aurantiochytrium sp. ZJWZ-7.

Cell biomass (DCW, g/L) DHA (g/L) SFAs (g/L)

Carbon source Carbon source Nitrogen source
Nitrogen source Nitrogen source KH2PO4

Salinity Initial pH Salinity
Initial pH Temperature Initial pH

Temperature Rotation rate Temperature
Rotation rate Rotation rate
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Table 5. Effect of medium components and process conditions on the cell biomass, DHA and SFAs
production of Aurantiochytrium sp. ZJWZ-7.

Culture Condition Biomass
(g/L)

DHA
(g/L)

SFAs
(g/L)

DHA
(% TFAs)

SFAs
(% TFAs)

KH2PO4 (g/L)
0 6.53 1.20 1.69 36.70 51.34

0.1 6.81 1.31 1.85 37.56 51.72
0.25 6.83 1.14 1.52 37.68 50.36
0.4 6.82 1.14 1.53 37.94 49.72
0.8 6.99 1.07 1.45 37.62 49.78

Salinity (% seawater)
0 5.62 0.91 1.05 35.32 51.44

20 6.99 0.99 1.04 37.32 49.28
40 6.87 0.87 0.95 37.21 50.53
60 6.88 1.10 1.25 36.43 51.96
80 6.74 0.90 0.97 36.95 50.26

100 6.83 1.14 1.52 37.68 50.36
120 6.61 0.90 0.94 36.87 48.65

Temperature (°C)
20 6.56 1.01 1.58 39.41 50.46
25 6.58 1.14 1.49 38.38 50.76
28 6.83 1.14 1.52 37.68 50.36
32 5.73 0.91 1.29 35.86 50.08
35 4.98 0.51 0.83 34.01 53.82

Initial pH
4 7.21 1.21 1.39 40.62 46.09
5 6.57 1.04 1.53 36.33 52.76
6 6.46 1.07 1.33 37.87 50.49

6.47 6.83 1.14 1.52 37.68 50.36
7 6.54 1.23 1.41 40.68 46.51
8 5.49 0.82 1.23 35.08 52.80

Rotation rate (rpm)
100 6.14 0.91 1.08 39.91 47.86
150 6.83 1.14 1.52 37.68 50.36
180 6.41 1.04 1.58 33.88 53.95
200 6.51 0.99 1.33 36.67 50.57
250 3.55 0.58 1.21 35.46 53.37

2.4. Batch Production of DHA by Strain ZJWZ-7 under Optimal Conditions

In order to validate the optimal culture conditions derived from OFAT optimization, the batch
culture of strain ZJWZ-7 conducted in 500 mL flask was studied (Table 6). With respect to the initial
culture conditions, the cell biomass, PUFAs and DHA production increased significantly by 44.66%
(from 6.83 g/L to 9.88 g/L), 43.88% (from 1.39 to 2.00 g/L) and 45.61% (from 1.14 g/L to 1.66 g/L),
respectively, in optimal batch culture. Although SFAs production did not increase much with reference
to the initial conditions, the PUFAs content (% TFAs) increased from 46.07% to 52.97%. DHA was the
dominant PUFA which increased up to 44.52% (% TFAs) in optimal batch culture. C16:0 accounted
for 37.63% followed by DPA (7.57%), MA (3.28%), and pentadecanoic acid (1.89%). Other minor fatty
acids (≤1% TFAs) included dodecanoic acid, octadecanoic acid, ARA, and EPA.
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Table 6. Fatty acid composition (% TFAs) of 4-days grown Aurantiochytrium sp. ZJWZ-7 culture on
optimal medium.

Strains ZJWZ-7

C12:0 0.15 ± 0.00
C14:0 3.28 ± 0.02
C15:0 1.89 ± 0.02
C16:0 37.63 ± 0.15
C17:0 0.22 ± 0.00
C18:0 0.84 ± 0.02

C18:3n3 0.17 ± 0.00
C20:0 0.12 ± 0.00
C21:0 0.27 ± 0.01

C20:3n6 0.42 ± 0.03
C20:4n6 0.23 ± 0.00
C20:5n3 0.06 ± 0.00
C22:5n3 7.57 ± 0.00
C22:6n3 44.52 ± 0.12

Total PUFAs 52.97
Total SFAs 44.40

Biomass (g/L) 9.88
TFAs yield (% biomass) 37.69

DHA (g/g) 0.17
DHA (g/L) 1.66

PUFAs (g/L) 2.00
SFAs (g/g) 0.17
SFAs (g/L) 1.68

Note: PUFAs: polyunsaturated fatty acids; SFAs: saturated fatty acids; TFAs: total fatty acids; DHA: docosahexaenoic acid.

3. Discussion

3.1. Isolation and Phylogenetic Diversity of Labyrinthulomycetes

In this study, two standard cultivation methods, the direct plating and baiting, combined with
some modifications were employed for the isolation of thraustochytrids and labyrinthulids from
different coastal mangrove habitats in China. Although these methods have been widely used as two
basic techniques for the isolation of thraustochytrids and labyrinthulids, some cells observed under
microscopy in both the fresh samples and the colonized baits could not be isolated successfully by
these methods. Therefore, standard procedures were modified according to the nature of the isolates
in our study. Consequently, more than 200 thraustochytrid and labyrinthulid strains were obtained
using MC medium complexed with ampicillin, streptomycin, and nystatin. Several lines of evidence
suggest the use of diverse baits (pine pollen, sweet gum, and shrimp larvae), nutrient composition,
agar concentration of the medium, antibiotics combination (ampicillin, streptomycin, chloramphenicol,
kanamycin, and tetracycline) and concentration as key factors for successful isolation [36–38]. Besides
these factors, mimicking the natural environment, covering the colonies with sterilized seawater for
sporulation [39], use of incubation temperature similar to that in natural habitats, repeat inoculation and
successive observation under a microscope are also considered critical for isolation of Labyrinthulomycete
protists [38].

Labyrinthulomycetes have been isolated and identified from tropical, sub-tropical, temperate and
cold areas, including India, Philippines, Hong Kong, Japan, China, New Zealand, Chile, Australia, Brazil,
and so on [15,23,38,40,41]. In China, several studies have been conducted to investigate the culturable
diversity of thraustochytrids, mainly from coastal waters of Shenzhen and Hong Kong mangroves [23,40].
Until now, only five genera of Thraustochytrids, i.e., Aurantiochytrium, Schizochytrium, Thraustochytrium,
Aplanochytrium, and Oblongichytrium have been reported to be isolated from mangroves or seawaters in
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China [23]. In this study, we provide the first report of the isolation of several labyrinthulid strains from
Chinese coastal habitats.

3.2. Screening for High DHA Production Strains

Thraustochytrids are well-known marine heterotrophic protists for their high DHA-production
potential [28]. Most of the thraustochytrid strains studied for the DHA production in previous research
were isolated from tropical and sub-tropical regions [11,12,14–16,18,20,21,23,25,40–42]. Only a few
studies focused on DHA production in thraustochytrids from temperate habitats [13,17,43,44]. It has
been suggested that microorganisms isolated from a low-temperature environment tend to produce
more PUFAs [45]. Recently, thraustochytrid strains with high relative levels of omega-3 PUFAs were
isolated from the North Sea region of British waters including one particular strain TL18 with high
DHA content (67% of TFA) [44]. Similar to the earlier report from cold habitat, our strain ZJWZ-7
isolated from the temperate habitat of China exhibited the highest DHA production (0.17 g/g, 1.14 g/L).
On the other hand, numerous studies have demonstrated that Aurantiochytrium and Schizochytrium
sp. are particularly good candidates for DHA production [46–49]. In this study, 48 strains with high
lipid accumulation were screened by Nile Red staining method, and 15 high DHA producing (>10%
biomass) strains were characterized. More than half of the 15 high-DHA-producing strains belonged
to Aurantiochytrium, which suggest a high DHA-producing characteristic of this genus.

With regard to labyrinthulids, most research was concentrated on their pathogenic effect on
the seagrass [50,51], and only a few were about their DHA production [15,27]. Up to now only one
labyrinthulid strain, L72, isolated from a fallen leaf in the Seto Inland Sea of Japan is reported that
produces only DHA among all the long-chain PUFAs [27]. In the present study, two newly isolated
labyrinthulid strains, GXBH-107 and GXBH- 215, exhibited high DHA production (>10% biomass).
This is the first report on the determination of DHA production in labyrinthulid strains isolated from
Chinese coastal habitats. Future studies on their ecophysiology and optimal culture conditions should
provide evidence of their biotechnological potential.

3.3. Optimization and Validation of the Culture Conditions

Cell growth and lipid accumulation in thraustochytrids during fermentation can be affected
by several factors [52–54]. The optimization of media nutrients and environmental conditions not
only improves cell growth and DHA production but also allows the selection of alternative feedstock.
For example, several renewable and waste materials as substrates for DHA production by thraustochytrids
are reported, including biodiesel-derived crude glycerol, stalk juice of sweet sorghum, and residues
from beer and potato [55–57]. In the present study, glycerol proved to be the best carbon source for
cell growth and DHA production, which demonstrates the potential of the strain ZJWZ-7 towards
DHA production using biodiesel-derived glycerol. Compared to inorganic nitrogen sources, strain
ZJWZ-7 showed a general preference for organic nitrogen sources. Furthermore, a combination of
peptone and yeast extract showed the highest potential for DHA production (0.11 g/g, 0.77 g/L), probably
because of the presence of amino acids and vitamins which are known to promote cell growth and DHA
accumulation. These findings are consistent with previous studies which reported the better action of
organic than inorganic nitrogen sources on lipid production [33,34,54]. Our results provide evidence that
a combined organic nitrogen source can significantly improve DHA production over a single nitrogen
source. In addition to carbon and nitrogen sources, temperature, initial pH and rotation rate are also
known to exhibit a significant effect on DHA production, and our results are consistent with the earlier
findings [33,54]. However, consistent with a previous report [33], we did not observe a significant effect
of KH2PO4 and salinity on DHA production by the strain ZJWZ-7 in the present study. This suggests
that at low salinity and rotation rate, high cell biomass and DHA production could be achieved, which
can be beneficial for an economical fermentation process on a larger scale.

In the present study, the best medium components and environmental conditions were obtained
by OFAT optimization in flask culture and subsequently applied on a larger scale. DHA turned out to
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be the predominant fatty acid and its representation in total fatty acids increased to 44.52% from 37.68%
(as noted in flask culture). Other PUFAs, such as ARA, EPA, and DPA were also produced by strain
ZJWZ-7, which show various beneficial effects on human health and can only be absorbed from the daily
diet by the human body. On the other hand, high level of SFAs production (44.4% in TFAs and 1.68 g/L)
was achieved simultaneously under the optimal conditions for DHA production, which can be valuable
by-products for biodiesel production. Overall, our study provides evidence which indicates that
ZJWZ-7 could be a potential strain for both DHA and SFAs production in industrial-scale fermentation.

4. Materials and Methods

4.1. Sample Collection and Strain Isolation

Mangrove leaves covered by sediments and seawater were collected from Zhejiang, Fujian,
Guangdong, Guangxi, and Hainan provinces of China between July 2015 and April 2016 for the
isolation of Labyrinthulomycetes (Figure 1; Table 1). Samples were collected into sterile plastic tubes
and were immediately brought back to the laboratory for isolation, as described in our previous
study [23]. Both direct plating and pine-pollen baiting were used for the isolation in this study.
Sediments mixed with seawater on the mangrove leaves were directly streaked and spread on the
modified Mar Chiquita (MC) medium containing 2 g/L glucose, 1 g/L peptone, 1 g/L yeast extract, 1 g/L
sodium glutamate, 1 g/L corn steep liquor, 20 g/L agar and 33 g/L artificial sea salt [38]. Mangrove
leaves were cut into small fragments of 0.5–1 cm diameter, some of which were washed with sterile
artificial seawater, and were then placed directly on the MC medium. The other pieces of leaf fractions
were immersed in sterile artificial seawater with a small amount of sterilized pine pollen scattered on
its surface to attract Labyrinthulomycetes. These samples were then incubated at room temperature
and observed daily with a microscope for 2–4 days to enrich the isolates. The pine pollen covered with
the microorganisms was subsequently picked and sub-cultured on MC medium containing antibiotics
(0.05% ampicillin, 0.075% streptomycin, and 0.005% nystatin) [23]. These MC media were incubated
at room temperature with regular observation until colonies appeared. The resulting colonies were
transferred to the fresh MC medium containing antibiotics (0.05% ampicillin, 0.075% streptomycin,
and 0.005% nystatin) for purification. After several times of streak cultivation, the pure isolates
were obtained which were then inoculated in 1% modified Vishniac’s (MV) agar plates containing
10 g/L glucose, 1.5 g/L peptone, 1 g/L yeast extract, 20 g/L agar and 33 g/L artificial sea salt [22], and
sub-cultured every 20–30 days.

4.2. Sequencing and Phylogenetic Analysis

The isolated Labyrinthulomycete strains were identified based on their 18S rRNA gene sequences.
Each of the isolated strains was cultured in M4 lipid medium (20 g/L glucose, 1.5 g/L peptone, 1 g/L
yeast extract, 0.25 g/L KH2PO4 and 33 g/L artificial seawater) at 28 ◦C and 150 rpm for 4 days [23].
The resulting cell culture was centrifuged and washed twice with sterile artificial seawater to remove
the medium constituents. Total genomic DNA was extracted from the washed cell pellet using a DNA
extraction kit (Generay, Shanghai, China) following the manufacturer’s instructions. Three pairs of
primers namely 18S001/18S13 [35], ThrMisF/ThrMisR [58], and Laby-A/Laby-Y [59] were employed for
DNA amplification from the strains (Table S1). For each set of primers, a specific program (Table S2) was
used for polymerase chain reaction (PCR) in an S1000™ thermal cycler (Bio-Rad, Hercules, CA, USA).
The PCR product was checked by agarose gel electrophoresis and examined under a UV transilluminator.
DNA products with two or more bands were cut from the gel and purified using a gel DNA extraction
kit (Generay, Shanghai, China), and those with a single band were recovered directly using the PCR
product recovery kit (Tiangen, Beijing, China). Two restriction enzymes, Hpa I and Sac II (Takara,
Dalian, Liaoning, China), were used to distinguish the PCR products by comparing their restriction
fragments. The selected PCR products were then ligated into pTOPO-T Vector (Gene-betterTM, Beijing,
China) and transformed into Escherichia coli cells (DH5α). Plasmid DNA in the white colonies (presumed
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positive) was extracted using a plasmid extraction kit (Tiangen, Beijing, China) to confirm the presence
of the target DNA fragment by agarose gel electrophoresis. Positive clones were sequenced using M13
universal primers by Beijing Genomics Institute (BGI), China. The resultant sequences were compared
with reference sequences in the National Center for Biotechnology Information (NCBI) database. The
sequences were aligned with reference sequences retrieved from the NCBI database using the MAFFT
program (https://www.ebi.ac.uk/Tools/msa/mafft/) and were subsequently used for the construction of
a maximum-likelihood (ML) phylogenetic tree with FastTree2 [60]. Bacillaria cf. paxillifer BA14c and
Chrysophyceae sp. CCMP261 were chosen as outgroups for the phylogenetic tree. All the sequences
generated in this study have been submitted to GenBank and their accession numbers are provided in
Table S1.

4.3. Screening for DHA-Producing Strains

Seed culture was prepared according to the method described in section “Sample collection and
strain isolation”. It was incubated in 100 mL flasks containing 50 mL M4 medium [42] at 28 ◦C and
150 rpm for 24 h. A 5 mL of seed broth was transferred to 50 mL fresh M4 medium and incubated for
4 days under the same conditions as that used for the seed culture. Two samples were collected from
each culture, one of which was used for the primary screening by the Nile Red staining method to
select the high lipid-accumulating strains. The other sample was used for the analysis of DHA titer of
the selected samples by the gas chromatography (GC) method [23].

4.4. Culture Optimization for the Top Strain ZJWZ-7

Based on the screening results of DHA-producing strains, the top strain ZJWZ-7 was chosen for
culture optimization. The medium nutrition (carbon, nitrogen, and KH2PO4) and environmental factors
(salinity, initial pH, and rotation rate) were tested to evaluate their effects on the cell growth, DHA
and SFAs production of the highest DHA-yielding strain ZJWZ-7 (Table S3). The OFAT experimental
design and culture conditions for optimization are shown in Table S3. For all sets of experiments,
the seed culture medium and conditions were the same as that used in the section “Screening for high
DHA-producing strains”. The strain was incubated at 28 ◦C and 150 rpm for 4 days. All experiments
were carried out in triplicates, and the results are expressed as means of the replicates with standard
deviation (±SD).

In order to validate the cell growth and DHA production of ZJWZ-7 obtained under the optimal
conditions derived from OFAT experiments, a further batch experiment was conducted. The experiment
was performed in 500 mL flasks with a working volume of 300 mL containing the optimal medium.
On the fourth day of the batch culture, samples were collected for the measurement of biomass as dry
cell weight (DCW), DHA, and SFAs. The experiment was carried out in triplicate and the results are
expressed as mean with standard deviation (±SD).

4.5. Analytical Methods

The cell biomass (DCW) was determined by the gravimetric method. Briefly, an aliquot of culture
broth was extracted to centrifugal tubes (pre-dried to constant weight) and centrifuged at 10,000 rpm
for 5 min. The resulting cells were washed twice with sterile distilled water, lyophilized for 48 h using
a freeze-dryer (Christ, Gefriertrocknungsanlagen, Osterode am Harz, Germany), and weighed. The cell
pellets were stored at −80 ◦C for further fatty acids analysis [23].

Nile Red staining was performed by adding 0.01% (w/v) Nile Red-acetone solution to the cell
pellet and incubating for ca. 1 min before observation under an Epifluorescence Microscope (Nikon
DS-Ri1) at the wavelength of 540 nm. Strains with high intracellular lipid accumulation exhibiting
high intensity of fluorescence were selected for further analysis of the composition of their fatty acids.

Analysis of fatty acid composition was carried out using the direct transesterification method [61].
In brief, freeze-dried cells (50–100 mg) were transferred to 2 mL of 4% sulfuric acid in methanol, with
the addition of 100 µL of nonadecanoic acid (1.0 mg/mL) solution (Sigma-Aldrich, St. Louis, MO,

https://www.ebi.ac.uk/Tools/msa/mafft/
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USA) as an internal standard. The mixture was vortexed for 30 s, then incubated at 80 ◦C for 1 h
for methyl-esterification. After the mixture was cooled down to room temperature, 1 mL each of
distilled water and n-hexane was added to it. The fatty acid methyl esters (FAMEs) of the mixture
were dissolved in the hexane layer after they were vortexed and centrifuged at 4000 rpm for 5 min.
The FAMEs were collected and analyzed by gas chromatography Agilent 7890B (Agilent, Santa Clara,
CA, USA) equipped with a DB-WAX column (60 m × 320 µm × 0.15 µm) and flame ionization detector
(FID). Samples were injected in the split injection mode with the split ratio of 50:1. The injection
port temperature was set to 250 ◦C. Nitrogen was used as the carrier gas with a flow of 1 mL/min.
The column temperature was originally set to 50 ◦C for 1 min, followed by programming at 25 ◦C/min
to 175 ◦C, then increased to 220 ◦C at 3 ◦C/min and held for 5 min, finally reached to 230 ◦C at 2 ◦C/min
and held for 11 min.

4.6. Statistical Analysis

The significant effects of various factors (carbon and nitrogen sources, pH, salinity, temperature,
and rotation rate) on cell biomass, DHA, and SFAs were tested by one-way analysis of variance
(ANOVA) at alpha level 0.05 using SPSS Statistic 19 software.

5. Conclusions

A total of 71 thraustochytrid and labyrinthulid strains belonging to six different genera were
isolated and identified from different coastal mangroves of China. Phylogenetic analysis of these strains
revealed a monophyletic relationship of thraustochytrid and labyrinthulid groups. Further screening
of 13 thraustochytrid and two labyrinthulid strains demonstrated their high DHA production potential.
One strain, ZJWZ-7, exhibited the maximum production of DHA (1.66 g/L, 44.52% of TFAs) and SFAs
(1.68 g/L, 44.40% of TFAs) under optimal culture conditions. This culture-based study expands the
current catalogue of Labyrinthulomycete protists and provides the molecular phylogeny and lipid
production profiles of several novel thraustochytrid and labyrinthulid strains.
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