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  Abstract      The composition and concentration of dissolved free amino acid (DFAA) of seawater samples 
collected in May 2016 from the surface to the hadal zone of the northern region of the Yap Trench were 
analyzed by pre-column derivatization of o-phthalaldehyde. Results show that the average concentration of 
DFAA in the study area was 0.47±0.36 μmol/L. In diff erent sampling stations, the concentrations of DFAA 
with water depth showed complex variation patterns. At the sediment-seawater interface, the concentrations 
of DFAA in the western side of the trench were obviously higher than that in its eastern side. In the study 
area, there were no signifi cant correlations between the concentrations of DFAA and the environmental 
parameters such as concentrations of chlorophyll  a  (Chl  a ), dissolved oxygen (DO), pH, and dissolved 
inorganic nitrogen (DIN), indicating that the concentrations of DFAA in seawater of the trench are aff ected 
by many factors, such as photosynthesis, respiration, temperature, pressure, illumination, and circulation. 
The dominant DFAA are similar in diff erent water layers of sampling stations, including aspartic acid (Asp), 
glutamic acid (Glu), glycine (Gly), and serine (Ser). The composition of diff erent amino acids, and the 
relative abundance of acidic, basic, and neutral amino acids might be related to the sources and consumption 
of various amino acids. Nine pairs of amino acids in the DFAA showed signifi cantly positive relationship 
by correlation matrix analysis, suggesting that they might share similar biogeochemical processes. The 
degradation index (DI) of the DFAA in seawater of the Yap Trench could refl ect the degradation, source, and 
freshness of DFAA in the trench to some extents. This is a preliminary study of amino acids from sea surface 
to hadal zone in the ocean, more works shall be done in diff erent trenches to reveal their biogeochemical 
characteristics in extreme marine environments. 

  Keyword :   dissolved free amino acid (DFAA); Yap Trench; “Jiaolong” submersible; abyss; hadal zone; 
degradation Index (DI) 

 1 INTRODUCTION 

 Amino acids (AAs) are important reservoirs of 
organic carbon and organic nitrogen in the ocean, 
and are also highly susceptible to marine organisms. 
Concentrations of amino acids are signifi cantly 
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aff ected by marine biological and biochemical 
processes, such as releasing and uptaking of plankton 
and microorganisms, photosynthesis, respiration, etc. 
(Cowie and Hedges, 1994). In seawater, amino acids 
can be separated into dissolved amino acid (THAA) 
and particulate amino acid (PAA). THAA accounted 
for about 10% of dissolved organic nitrogen (DON) 
and PAA accounted for 49%±20% of total organic 
nitrogen (TON) (Dittmar et al., 2001). There are two 
forms of TFAA in seawater—dissolved free amino 
acid (DFAA) and dissolved combined amino acid 
(DCAA). DFAA is not only an important nitrogen 
source for phytoplankton (Burdige, 1991), but also an 
important nitrogen and carbon source for heterotrophic 
organisms such as bacteria (Veuger et al., 2004). The 
variation of DFAA concentrations is aff ected by many 
factors, including biomass and biological metabolism, 
seawater movement, sediment resuspension, organic 
matter degradation, etc. (Hamilton, 1984). DFAA 
is also an important intermediate product of marine 
nitrogen cycle, which can be directly converted to 
organic acids and ammonia-nitrogen by deamination 
of microorganisms (Behrends and Liebezeit, 1999). 
Studying the variations, distributions and controlling 
factors of concentrations of DFAA in seawater will 
contribute to understanding the organic nitrogen 
and carbon cycles in the ocean. Until now, a series 
of studies have focused on the characteristics of 
DFAA in surface seawater (Table 1). However, the 
distribution of DFAA in the abyss and hadal zone is 
yet to be explored. 

 In general, the ocean abyss and the hadal zone are 
between 4 000 m and 6 000 m and below 6 000 m 
from the sea surface, respectively. The Yap Trench is 
one of the deepest trenches in the world. It is located in 
the Western Pacifi c Ocean Yap Ridge and the eastern 
side of the Yap Islands. The trench is in a complex 
geological structure area among the Philippine Plate, 
the Caroline Plate and the Pacifi c Plate, forming a “J” 
shape. Its deepest point is 8 527 m. In the last several 
decades, a series of studies had been conducted on 
its physical, biological, and geological characteristics 
(Hawkins and Batiza, 1977; Kaneko et al., 1998; 
Fujiwara et al., 2000). Recently, several Chinese 
projects have targeted the Yap Trench and several 
valuable fi ndings have been reported (Yan et al., 
2020). The composition of sediments and morphology 
of rocks in the trench (Yue et al., 2018; Huang et 
al., 2020), the seabed heat fl ow (Song et al., 2016) 
etc., in the trench were investigated. However, few 
studies focused on the biogeochemical characteristics 
of the seawater AA in the trench. In this study, the 
DFAA in the seawater from the northern region of the 
trench was qualitatively and quantitatively analyzed. 
Vertical variations of the concentrations of DFAA and 
the amino acids from the euphotic to hadal zone of the 
trench were explored and the factors controlling the 
compositions and concentrations of the DFAA were 
discussed. This is the fi rst study regarding DFAA 
from sea surface to hadal zone in the Yap Trench. 
These results help to understand the organic nitrogen 
and carbon cycles from sea surface to the hadal zone. 

 Table 1 Literature data of DFAA concentrations in seawater from diff erent area of the ocean 

 Sea area  Depth  Concentration (μmol/L)  Reference 

 İzmir Bay  Surface  0.233  Alyuruk and Kontas, 2021 

 South Atlantic Ocean  0–200 m  0–0.163  Sabadel et al., 2017 

 Jiaozhou Bay, China  Surface  1.1–4.1  Shi et al., 2017 

 East China Sea  Surface  0.06–1.03  Zhang et al., 2016 

 East China Sea and South Yellow Sea  Surface  0.11–1.14  Wang et al., 2015 

 Mid-Atlantic Ridge hydrothermal vent fl uids  3 000 m  0.143  Klevenz et al., 2010 

 North Atlantic Ocean 
 Surface 

 0.004–0.132 
 Kuznetsova et al., 2004 

 South Atlantic Ocean  0.003–0.134 

 Antarctic    0.440±0.160  Hubberten et al., 1995 

 Arctic Ocean    0.500±0.140  Hubberten et al., 1995 

 Northeast Atlantic Ocean  Surface  0.309  Lee and Cronin, 1982 

 Baltic Sea  Surface  0.089  Mopper and Lindroth, 1982 

 Equatorial Pacifi c Ocean  Surface  0.040  Lee and Bada, 1975 

 Southern California coast, USA 
 Surface  0.900 

 Clark et al., 1972 
 Bottom  1.519 
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 2 MATERIAL AND METHOD 

 2.1 Sampling area 

 From May 13 to May 23, 2016, R/V  Xiangyanghong  
 09 , carrying “ Jiaolong ” manned submersible, 
conducted the No. 37 ocean cruise in the northern 
region of the Yap Trench. The shipborne Seabird CTD 
equipment was used to collect seawater from four CTD 
stations in the study area. Five dive stations located 
on the sediment-seawater interface, were set inside of 
the trench. Stations Dive 109, Dive 110, Dive 111, and 
Dive 112 were on the western side of the trench, and 
Station Dive 113 was on its eastern side. The overlying 
water from the sediment-seawater interface of the dive 
stations was collected by SBE-911 plus CTD (Seabird 
Electronics) which was carried and controlled by 
“ Jiaolong ” manned submersible. Parameters such as 

seawater temperature, salinity, and water depth were 
measured simultaneously by CTD when collecting 
seawater samples. The sampling site map is shown in 
Fig.1, and the information of the stations is shown in 
Table 2. 

 2.2 Material and method 

 2.2.1 Analysis of amino acids 

 According to the modifi ed method by Lindroth 
and Mopper (1979), the o-phthalaldehyde (OPA) 
and 3-mercaptopropionic acid (MPA) pre-
column derivatization high-performance liquid 
chromatography (HPLC) was applied to determine 
concentrations of DFAA in seawater. The operational 
parameters were: injection sample volume was 20 μL, 
the fl ow rate was 0.4 mL/min, column temperature 
was 33 °C, fl uorescence detection excitation 
wavelength ( λ  ex )=337 nm, and emission wavelength 
( λ  em )=454 nm. The instrument was Waters e2695 
HPLC system with a quaternary gradient pump, on-
line degasser, Agilent ZORBAX Eclipse Amino Acid 
Analysis Column (150 mm×3.0 mm, 3.5 μm), and 
e2475 fl uorescence detector.  

 The mobile phase A was 0.05-mol/L sodium acetate 
buff er solution (pH=7.2±0.05; sodium acetate solution꞉ 
tetrahydrofuran (V/V)=100꞉1); and the mobile phase B 
was acetonitrile꞉methanol꞉Milli-Q (Millipore Elix10 
USA) (V/V/V)=1꞉1꞉1 mixture. The two mobile phases 
were fi ltered through a 0.2-μm PALL Supor-450 fi lter. 

 240 μL of derivatization reagent (OPA-MPA) was 
added to 760 μL of seawater sample (fi ltered with 
0.7-μm Whatman (GF/F) glass fi ber fi lter). After 
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 Fig.1 Location of sampling stations in the Yap Trench 
 PHS: the Philippine Sea plate; PAC: the Pacifi c plate; CP: the Caroline plate; MT: the Mariana Trench; YT: the Yap Trench; PT: the Palau plate; CR: the 
Caroline Ridge. 

 Table 2 Information of the sampling stations of the 
northern region of the Yap Trench 

 Station  Longitude  Latitude  Bottom 
depth (m) 

 Number of samples 
from diff erent depths 

 CTD01  138°23′10″E  9°54′11″N  3 000  15 

 CTD02  138°26′56″ E  9°52′26″N  6 000  18 

 CTD03  138°28′38″E  9°49′51″N  5 672  17 

 CTD04  138°28′19″ E  9°27′48″N  2 000  15 

 Dive109  138°23′38″E  9°54′03″ N  4 435  1 

 Dive110  138°25′52″E  9°52′03″N  5 934  1 

 Dive111  138°30′37″E  9°51′31″N  6 775  1 

 Dive112  138°29′45″E  9°51′51″N  6 329  1 

 Dive113  138°39′15″E  9°51′31″N  6 574  1 
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19 min of derivatization, 20 μL of the derived sample 
was injected into the HPLC. The amino acids were 
separated based on the elution gradient (Table 3). 
The concentrations of various amino acids were 
determined by comparing peak areas of HPLC profi les 
between the sample and the amino acid standards. 
Fourteen amino acids were identifi ed in the seawater 
samples from the sampling stations, including two 
acidic amino acids (Asp: aspartic acid, Glu: glutamic 
acid), ten neutral amino acids (Ser: serine, Gly: 
glycine, Thr: threonine, Ala: alanine, Tyr: tyrosine, 
Val: valine, Met: methionine, Phe: phenylalanine, Ile: 
isoleucine, Leu: leucine) and two basic amino acids 
(Arg: arginine, His: histidine). Concentrations of 
the DFAA were obtained from the sum of all amino 
acids. All chemicals and reagents were of the highest 
available grade purchased from Sigma. 

 A method blank (for DFAA determination) was 
obtained by injecting Milli-Q water (equal volume 
with sample) with the derivative reagent using 
the same sample protocol. The reagent blank was 
determined once a day. Our result showed that DFAA 
was not detected in the method blank. The average 
deviation of all amino acids was ±0.5% (at 80 pmol 
levels), and the detection limit was 60 fmol.  

 2.2.2 Determination of environmental parameters of 
the seawater samples 

 The parameters about temperature ( T ), pH, 
salinity ( S ), concentration of dissolved oxygen (DO), 
dissolved inorganic nitrogen (DIN), and chlorophyll  a  
(Chl  a ) were obtained from the unpublished data of the 
Second Institute of Oceanography and the National 
Deep Sea Center, Ministry of Natural Resources. 

  T ,  S , and concentration of DO were measured 
synchronously in seawater sampling; pH was 
determined within 24 h by spectrophotometric method 
(Dickson et al., 2007). About 250-mL seawater 
(fi ltered with 0.45-μm cellulose acetate fi lter) was 
stored at -20 ℃ for analysis the concentrations of 
DIN after returning to the shore-based laboratory. 
Concentrations of nutrients were determined by 
Seal Analytical AA3 automatic nutrient analyzer 
(Strickland and Parsons, 1972). 

 The concentration of Chl  a  in the seawater samples 
was analyzed by fl uorescence spectrophotometric 
method (Hamilton, 1984). The seawater samples 
(300 mL) were fi ltered through the Whatman GF/F 
glass fi ber fi lter, and then the fi lter was wrapped 
in aluminum foil and stored at -20 °C. During the 
analysis, the fi lter was immersed in a dark place with 

90% (volume fraction) aqueous acetone solution 
for 24 h. The solution was measured by using a 
fl uorometer (F-4500, Hitachi Ltd., Japan). 

 2.2.3 Calculation of degradation index (DI) of DFAA 

 The amino acid spectra of the 70 samples were used 
in a variance-oriented method (Principal Component 
Analysis, PCA) to derive the principal components, 
which obtained several new principal components 
through dimension reduction transformation. The 
fi rst principal component was used for DI calculation 
to indicate the degradation degree of organic matter. 
Based on the formulas provided by Dauwe and 
Middelburg (1998), the DI values were calculated by 
principal component analysis: 

 var
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 where var i  is the original (non-standardized) molar 
percentage of amino acid  i ; AVGvar i    and STDvar i    are its 
mean and standard deviation; fac.coefi  is coeffi  cient 
factor. The coeffi  cient factor was obtained by SPSS 
(Statistical Product and Service Solutions) software. 
If the DI was positive, the higher of the value, the 
organic matter was fresher, indicating that DFAA 
mainly came from the newly produced organic matter 
of phytoplankton. In contrast, if the DI was negative, 
its higher absolute value showed the organic matter 
in the seawater was older, and may indicate a greater 
extent of DFAA degradation.  

 3 RESULT 

 3.1 Vertical variations of physical and chemical 
parameters in seawater of the northern region of 
the Yap Trench 

 Hydrology, physical, and chemical factors not only 
aff ect the natural distribution of biogenic elements, 
but also play an important role in the selective 

 Table 3 Elution gradients of the mobile phase 

 Time (min)  Flow rate (mL/L)  Mobile phase A (%)  Mobile phase B (%) 

 0  0.4  90  10 

 6  0.4  85  15 

 16  0.4  63  37 

 30  0.4  45  55 

 32  0.4  0  100 

 34  0.4  0  100 

 35  0.4  95  5 

 36  0.4  90  10 
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utilization of organic matter by organisms, and aff ect 
its metabolic pathways. The vertical profi les of these 
factors are shown in Fig.2. The temperature decreased 
with water depth, and the thermocline appeared 
between 100 m and 150 m. The oxygen minimum 
zone (OMZ) occurred in the mesopelagic layer 
(200 m and 1 000 m), with minimum values of 58.65–
94.50 μmol/L between 500-m and 1 000-m depth. 
Below 1 000 m, the concentration of DO gradually 
increased with water depth. The concentration of DIN 
increased from sea surface to 1 000 m, and then slightly 
decreased with depth. For the seawater samples from 
the four stations, the values of pH ranged from 7.8 
to 8.3, with the lowest values around 1 000-m depth. 
The vertical variation profi les of Chl  a  were relatively 
stable in the euphotic layer at the CTD04 station. For 
the other three stations (CTD0–CTD03), above 100 m, 
the concentrations of Chl  a  increased with depth; and 
then decreased with depth below 100 m. In general,  T , 
 S , pH, and concentration of DIN were relatively stable 
from the bathyal layer to the hadal zone. 

 3.2 Vertical variations of concentrations of DFAA 
in the seawater from the Yap Trench  

 Overall, the concentrations of DFAA in the seawater 
of the study area decreased with depth, ranging from 
0.05 to 1.78 μmol/L. The maximum concentration 
of DFAA appeared at 10-m depth (1.78 μmol/L) of 
the CTD04 station, and the minimum concentration 
occurred at 125-m depth (0.05 μmol/L) of the CTD03 
station (Table 4). The mean values of concentrations 
of DFAA in diff erent water layers of the trench 
are listed in Table 5. In the study area, the average 
concentration of DFAA reached the maximum in the 
mesopelagic layer (200–1 000 m), and reached the 
minimum in the bathyal layer. From the bathyal layer 
to the abyssal layer of the trench, the concentrations 
of DFAA increased gradually. 

 The vertical variation trends of concentrations of 
DFAA in the seawater of the four CTD stations were 
roughly similar (Fig.3). In the study area, from the 
euphotic layer to the mesopelagic layer, the variations 
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 The data of  T , pH,  S , DO, DIN, and Chl  a  were from the unpublished data of the Second Institute of Oceanography and the National Deep Sea Center, 
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of concentrations of DFAA were complex. From the 
bathyal layer to the abyssal layer, the concentrations 
of DFAA were relatively stable. For example, in the 
euphotic layer of station CTD01, the concentrations of 
DFAA increased from surface seawater to 75-m depth 
and then decreased to 200-m depth. In the mesopelagic 
layer, the concentrations kept increasing to 800-m 
water depth and dropped obviously to 1 000-m depth. 
At station CTD02, the concentrations of DFAA in the 
seawater fl uctuated slightly with depth, ranging from 
0.13 to 0.48 μmol/L. The concentrations of DFAA 
had two concentration thermoclines in the seawater 
of station CTD03. One was located around 500-m 
depth, and the concentrations increased signifi cantly, 
up to 1.16 μmol/L. The other one appeared at 50-m 
depth. Below that depth, the concentrations of DFAA 
decreased remarkably to the minimum (0.05 μmol/L) 
at 125-m depth. The vertical variation profi les of the 
concentrations of DFAA in the seawater of station 
CTD04 only had one thermocline around 10-m 
depth. At that depth, the concentrations reached the 
maximum (1.78 μmol/L).  

 The concentrations of DFAA in the seawater samples 
from sediment-seawater interface (stations Dive 109, 
Dive 110, Dive 111, Dive 112, and Dive 113) are shown 
in Fig.4. Stations Dive 109–Dive 112 are located on the 
western side of the trench. The concentrations of DFAA 
in the seawater samples from Dive 110 to Dive 112 
stations (which are close to or in the hadal zone) were 
higher than those in the bottom layer of the four CTD 
stations. The highest concentration was found in station 
Dive 111 (0.80 μmol/L), and the lowest concentration 
was only 0.20 μmol/L in station Dive 113, located on 
the eastern side of the trench. In the study area, the 
concentrations of DFAA of the seawater sample from 
the seawater-sediment interface were higher than those 
from the water column at similar water depth. For 
example, the concentration of DFAA was 0.13 μmol/L 
at the depth of 6 000 m in station CTD02, while in the 
adjacent station Dive 110, the value was 0.56 μmol/L. 
The concentration of DFAA was 0.43 μmol/L at 
the depth of 5 672 m in station CTD03, while in the 
adjacent station Dive 112, the value was 0.59 μmol/L.  

 Table 4 The maximum and minimum concentrations of 
DFAA in the seawater from CTD01 to CTD04 
stations (with the occurrence depths) 

 Station  CTD01  CTD02  CTD03  CTD04 

 Maximum (μmol/L)  1.56  0.48  1.16  1.78 

 Depth (m)  75  500  500  10 

 Minimum (μmol/L)  0.10  0.13  0.05  0.32 

 Depth (m)  2 000  6 000  125  2 000 

 Table 5 The average concentrations (AVG) of DFAA in diff erent 
water layers of the northern region of the Yap 

 Water layer  AVG 
(μmol/L) 

 Number of observations 
in each water layer 

 Euphotic (0–200 m)  0.48±0.37  36 

 Mesopelagic (200–1 000 m)  0.55±0.36  15 

 Bathyal (1 000–4 000 m)  0.30±0.14  10 

 Abyssal (4 000–6 000 m)  0.38±0.21  6 

 Hadal (>6 000 m)  0.53±0.31  3 
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 3.3 The compositions of DFAA in the seawater 
from the Yap Trench  

 3.3.1 Compositions of DFAA in the seawater from the 
Yap Trench 

 3.3.1.1 Vertical profi les of the concentrations of 
diff erent DFAA 

 Overall, the vertical variation trends of concentrations 
of the 14 amino acids in the seawater of stations 

CTD01–CTD04 were similar as those of DFAA 
(Supplementary Fig.S1). In general, their higher 
concentration occurred in the euphotic layer, and 
then decreased with depth. The concentrations of the 
amino acids varied remarkably in the euphotic and 
mesopelagic layers, and varied slightly in the bathypelagic 
and abyssal layers of the trench. In the seawater 
samples of the four CTD stations, most of the highest 
values of the concentrations appeared in the euphotic 
and mesopelagic layers in the four stations (Table 6). 

 Table 6 The average concentrations of various amino acids in diff erent water layers at CTD01–CTD04  

 Station  Water layer  Asp  Glu  Ser  His  Gly  Thr  Arg  Tyr  Val  Ala  Met  Phe  Ile  Leu 

 CTD01 

 Euphotic  0.133  0.214  0.030  0.009  0.079  0.014  0.002  0.011  0,001  0.005  0.008  0.004  0.000  0.012 

 Mesopelagic  0.303  0.262  0.028  0.011  0.021  0.009  0.003  0.002  0.001  0.014  0.005  0.005  0.000  0.005 

 Bathypelagic  0.011  0.000  0.020  0.006  0.063  0.002  0.002  0.008  0.001  0.008  0.001  0.008  0.000  0.008 

 CTD02 

 Euphotic  0.028  0.019  0.045  0.023  0.065  0.018  0.005  0.020  0.001  0.056  0.018  0.006  0.000  0.006 

 Mesopelagic  0.033  0.092  0.033  0.041  0.040  0.012  0.009  0.015  0.002  0.034  0.009  0.005  0.000  0.028 

 Bathypelagic  0.010  0.000  0.047  0.009  0.084  0.011  0.003  0.022  0.003  0.026  0.006  0.004  0.000  0.024 

 Abyssal  0.010  0.000  0.013  0.036  0.028  0.005  0.001  0.011  0.001  0.023  0.005  0.006  0.000  0.012 

 CTD03 

 Euphotic  0.028  0.017  0.047  0.045  0.129  0.023  0.011  0.030  0.005  0.059  0.015  0.013  0.003  0.006 

 Mesopelagic  0.015  0.003  0.123  0.019  0.125  0.022  0.019  0.047  0.008  0.060  0.016  0.007  0.002  0.003 

 Bathypelagic  0.013  0.012  0.094  0.026  0.123  0.014  0.007  0.028  0.000  0.063  0.016  0.004  0.000  0.005 

 Abyssal  0.023  0.011  0.119  0.024  0.171  0.021  0.010  0.051  0.000  0.089  0.017  0.004  0.000  0.004 

 CTD04 

 Euphotic  0.048  0.033  0.163  0.081  0.105  0.051  0.009  0.061  0.010  0.062  0.031  0.009  0.000  0.006 

 Mesopelagic  0.035  0.042  0.108  0.042  0.143  0.025  0.010  0.046  0.009  0.067  0.029  0.018  0.000  0.007 

 Bathypelagic  0.027  0.013  0.073  0.023  0.065  0.016  0.007  0.035  0.004  0.072  0.023  0.015  0.000  0.010 

 Note: The colored area represents the highest concentrations of various amino acids in diff erent water layers of CTD01–CTD04 stations. The highest 
concentrations of Gly and Val in the abyssal layer are shown in yellow (only abyssal layer), while the highest values of other amino acids are shown in 
green. Ala: Alanine; Ile: Isolcucine; Leu: Leucine; Gly: Glycine; Val: Valine; Asp: Aspartic acid; Glu: Glutamic acid; Arg: Arginine; His: Histidine; Met: 
Methionine; Tyr: Tyrosine; Phe: Phenylanine; Ser: Serine; Thr: Threonine. 
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 3.3.1.2 The molar percentages of various amino acids 
in the DFAA  

 The molar percentages of the 14 amino acids 
in diff erent water layers of the northern region of 
the Yap Trench are shown in Fig.5a–e. At diff erent 
stations, the dominant amino acids were diff erent in 
each layer. For example, at station CTD01, Asp and 
Glu were dominant in the euphotic and mesopelagic 
layers, and Gly was dominant in the abyssal layer. 
However, the molar percentage of Glu was extremely 

low in the bathypelagic and abyssal layers of all the 
four stations, and close to 0 in stations CTD01 and 
CTD02. Gly had the highest molar percentage in the 
bathypelagic layer of station CTD02, in the abyssal 
layer of station CTD03 and in the mesopelagic layer 
of station CTD04. In the abyssal layer, the molar 
percentage of His was the highest (23.80%) at station 
CTD02 but low at CTD03 (5.72%). As a comparison, 
the molar percentage of Ser was low at station 
CTD02, but it was up to 21.80% at station CTD03. Ile 
only existed in the euphotic and mesopelagic layers 
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of station CTD03, with a molar percentage less than 
0.50%. 

 At the seawater-sediment interface, the molar 
percentage of Val was the highest (32.40%) in the 
seawater of station Dive 109 (Fig.5e). At stations 
Dive 110, Dive 111, and Dive 112, Ser and Thr were 
the dominant amino acids in the seawater. Their molar 
percentages ranged from 15.65% to 22.82%, and 
from 14.49% to 23.67%, respectively. The dominant 
amino acids were Glu and Val in the seawater from 
station Dive 113, with molar percentages of 20.54% 
and 19.96%, respectively. At the fi ve stations, Ile was 
not detected in all the seawater samples.  

 3.3.2 Acidic, neutral, and basic amino acids of DFAA 
in the seawater 

 In the seawater of the study area, neutral amino 
acids occupied the largest fraction of DFAA, and 
basic amino acids occupied the smallest fraction. The 
concentrations of acidic, neutral, and basic amino 
acids of DFAA varied signifi cantly in the seawater 
samples. At station CTD01, the high concentrations 
of acidic amino acids appeared at 75 m and 800 m 
(Supplementary Fig.S2a). The concentrations 
fl uctuated slightly with water depth at stations 
CTD02, CTD03, and CTD04. In the euphotic layer, 
the concentrations of basic amino acids at station 
CTD01 tended to be stable with depth. In contrast, the 
concentrations showed strong fl uctuations at stations 
CTD02, CTD03, and CTD04 (Supplementary Fig.
S2b). For neutral amino acids, the variation profi les 
of their concentrations in each station showed 
complex patterns. At station CTD01, a concentration 
thermocline appeared at 100-m depth, with the highest 
value 0.60 μmol/L. At station CTD04, the dramatic 
increase of the concentrations of neutral amino acids 
occurred from sea surface to 10-m depth, increasing 
from 0.39 to 1.50 μmol/L (Supplementary Fig.S2c). 

 The molar percentage of acidic amino acids 
decreased in the order of stations Dive 109, Dive 113, 
Dive 110, Dive 112, and Dive 111, and the trend was 
almost reversed for the neutral amino acids (Fig.6). 
The highest molar percentage of acidic amino acids 
appeared at station Dive 109 (30.12%), and the lowest 
value was 14.82% in station Dive 111. Neutral amino 
acids occupied the largest fraction of DFAA in all fi ve 
stations. At station Dive 111, the molar percentage of 
neutral amino acids was as high as 80.21%. At station 
Dive 109, the value was the lowest but still exceeded 
50%. The basic amino acids had the lowest molar 
percentage, with a maximum value at station Dive 
109 (14.84%), and a minimum value at station Dive 
111 (only 4.97%). 

 3.4 Variations of DI in the seawater of the Yap 
Trench 

 In the four CTD stations, the DI of DFAA in the 
seawater varied remarkably in the euphotic layer and 
the mesopelagic layer, ranging between -3.13 to 1.46, 
with maximum value at 500-m depth in station CTD03 
and minimum value at 500 m in station CTD01, 
indicating that the sources and degradation behaviors 
of organic matter in the euphotic and mesopelagic 
layers were signifi cantly diff erent (Fig.7). Below 
1 000-m depth, the DI values became relatively stable. 
In the fi ve dive stations, the DI values ranged from 
-0.86–0.56 (Table 7), with the lowest value at station 
Dive 109 and the highest value at station Dive 112.  

 4 DISCUSSION 

 4.1 Factors aff ecting DFAA concentrations in the 
seawater from the northern region of the Yap 
Trench  

 4.1.1 Eff ect of seawater environment on DFAA 
concentrations  

 4.1.1.1 Variations of concentrations of DFAA in the 
euphotic layer of the northern region of the Yap Trench 

 In the marine environment, the concentrations of 
DFAA varied signifi cantly in diff erent areas (Table 1). 
Previous studies showed that the concentrations of 
DFAA in seawater ranged from 0.002 to 1.960 μmol/L 
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 Table 7 The DI values in the seawater from sediment-
seawater interface 

 Station  Dive 109  Dive 110  Dive 111  Dive 112  Dive 113 

 DI  -0.86  0.22  0.50  0.56  -0.33 
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(Clark et al., 1972; Lee and Cronin, 1982). In general, 
the concentrations of DFAA were relatively higher in 
coastal waters, but our results were in a comparable 
range to other open ocean areas: 0.05 to 1.78 μmol/L 
(the concentration of DFAA less than 0.64 μmol/L  
 accounted for 86% of seawater samples) in this study, 
compared to 0.36 to 0.64 μmol/L in the Arctic waters 
(Hubberten et al., 1995) and 0.28 to 0.60 μmol/L   in 
the Antarctic waters (Hubberten et al., 1995). The 
high concentration of DFAA occurred in the euphotic 
layer, the mesopelagic bottom layer and the abyssal 
layer (Fig.3). The results are consistent with the high 
concentration of  dissolved organic carbon (DOC)
(unpublished) in the Yap Trench.  

 Above the mesopelagic layer (<1 000 m), the 
variations of concentrations of DFAA are complex. 
In the study area, the average concentration of DFAA 
in the euphotic layer (0.48±0.37 μmol/L) is slightly 
higher than that in the northeast Atlantic Ocean 
(0.31 μmol/L) (Lee and Cronin, 1982). Keeling and 
Revelle (1985) reported that a barrier layer formed 
between the base of the shallow halocline and the 
top of the thermocline suppressed the upward fl ux of 
nutrients in the Western Pacifi c Warm Pool (WPWP), 
which resulted in oligotrophic in the euphotic 
layer. However, the previous study showed a Chl- a  
concentration maximum formed in the barrier layer 
(25–125 m) at the intersection of suffi  cient light and 
nutrients (Matsumoto et al., 2004). Their result is 
consistent with this study that the high concentration 

of Chl  a  occurred at 100 m in the euphotic layer. On 
the other side, there was no signifi cant correlation 
between DFAA and Chl  a  in this study, indicating 
that photosynthesis is not the only factor controlling 
concentrations of DFAA in the seawater of the 
euphotic layer in the study area. Previous studies 
also showed that the relationships between Chl  a  and 
DFAA in diff erent sea areas were complicated (Chen 
and Yang, 2010). In fact, DFAA concentrations are 
closely related to the photosynthesis of phytoplankton 
and assimilation of heterogeneous bacteria in the 
euphotic layer (Burdige, 1991). Jørgensen et al. 
(1993) found that dissolved DFAA and NH 4 + may 
be the major sources of N to aquatic bacteria. In 
this study, the variation trends of vertical profi les of 
DFAA are consistent with that of NH 4 +   (Fig.8), but 
there was also no signifi cant correlation between 
them, further indicating that multiple factors 
aff ect the concentration of DFAA in the euphotic 
layer. Several studies have shown that the input of 
terrigenous organic matter exists in diff erent trenches 
in the Pacifi c Ocean, such as the New Britain Trench, 
the Palau Trench, and the Mariana Trench (Luo et 
al., 2018, 2019; Xiao et al., 2020). Yue et al. (2018) 
detected that there was terrigenous input of organic 
matter in the sediments of the Yap Trench, and Guo 
et al. (2018) found that organic matter in the euphotic 
layer could be transported to the abyssal seawater 
through food chain or sedimentation. These fi ndings 
provide indirect evidence about the existence of 
terrigenous organic matter in the euphotic layer 
of the Yap Trench. Kobayashi (2000) reported the 
distance of the Yap Island Arc, the Yap Trench axis 
is abnormally short. Station CTD01 is closer to the 
Yap Island Arc, so it is more likely to be aff ected by 
the Yap Island Arc. The results of amino acids from 
the Atlantic Ocean (Wedyan and Preston, 2008) and 
the Pacifi c Ocean (Matsumoto and Uematsu, 2005) 
showed that some of them enter the open ocean 
through atmospheric deposition. The wind blew 
amino acids from the land soil or even island soil 
over the ocean, and then they sank into the surface 
seawater by the atmosphere deposition (Scheller, 
2001). Mopper and Zika (1987) reported that high 
concentrations of DFAA (6.50 μmol/L) existed 
in seawater after precipitation, providing another 
hint of atmospheric deposition of amino acids to 
the seawater. In general, the variations of DFAA 
in seawater of the euphotic layer in the study area 
are a combination of various processes, including 
photosynthesis, respiration, and terrigenous input. 
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 4.1.1.2 DFAA in the mesopelagic to the abyssal layer 
of the northern region of the Yap Trench 

 The photosynthesis does not occur below 200 m 
in the seawater of the Yap Trench. In this study, 
the concentration of DFAA in the mesopelagic 
layer was slightly higher than that in the euphotic 
layer. The concentration of DFAA in the seawater 
of the mesopelagic layer was mainly related to the 
degradation of dead organisms, the breakdown of 
living cells, the sinking of particle organic matters, 
the assimilation of exotic bacteria, etc. (Behrends 
and Liebezeit, 1999). Previous studies have shown 
that amino acids were fi rstly and mainly from 
the hydrolysis by aminopeptidases in the low 
oxygen water of the Gulf of Mexico and the North 
Atlantic Ocean, and a part of them formed DFAA 
in the mesopelagic layer (Liu and Liu, 2018). The 
contribution of free peptidases to total hydrolysis 
was more than double in organic-rich seawater than 
that in oligotrophic seawater (Somville and Billen, 
1983). Mopper and Lindroth (1982) indicated that the 
DFAA enrichment occurred in the oxygen minimum 

zone. In our study, the most signifi cant variations of 
concentrations and compositions of DFAA were also 
found at the oxygen minimum zone (800 m) of the 
mesopelagic layer. This kind of variation might be 
related to a dramatic change of the environmental 
factors from the euphotic layer to the mesopelagic 
layer, leading to the reduction of microbial density and 
further reduced the utilization of DFAA (Mopper and 
Lindroth, 1982). Sohrin et al. (2010) found that the 
biomass of the seawater decreased signifi cantly with 
the depth in the seawater from the central equator to 
the subtropical zone of the Pacifi c Ocean. Because the 
biomass of water in the mesopelagic layer was much 
lower than that in the euphotic layer, the biomass 
consumption and degradation rate of DFAA in this 
layer should be much less than that in the euphotic 
layer. Meanwhile, low temperature also decreased the 
microbial activity and then reduced direct utilization 
of DFAA in the layer. Wishner et al. (1995) reported 
the diagenetic transformation, mineralization 
processes, and degradation by microorganisms in 
the oxygen minimum zone. However, there was no 
signifi cant correlation between the concentrations 
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of DFAA and DO, indicating that the degradation of 
organic matter by microorganisms in the seawater 
of the mesopelagic layer of the Yap Trench was not 
the only factor aff ecting concentrations of DFAA in 
the layer. Overall, relatively strong degradation of 
organic matter and weak consumption of amino acids 
by microorganisms in the mesopelagic layer might 
cause an increasing concentration of DFAA in the 
layer of the research area. 

 In the bathypelagic layer of the study area, the 
concentrations of DFAA were lower than those in 
the mesopelagic layer, which might be attributed to 
decreased input of particulate organic matter. Guo et 
al. (2018) reported that the particulate organic matter in 
the seawater of the Yap Trench had undergone bacterial 
degradation and mineralization processes during the 
downward transport to deeper water. Meanwhile, 
the funnel-shaped Yap Trench could promote the 
migration of particulate organic matter into the abyssal 
layer, implying a decrease of PAA, which was an 
important source of DFAA in the seawater (Kirchman 
and Hodson, 1984). Then, the concentration of DFAA 
had a declining trend in the bathypelagic layer. In 
addition, high-latitude cold water masses are an 
important source of deep-sea seawater (Kaneko et al., 
1998). The salinity tends to increase with the depth, 
and the concentration of DFAA has decreased trend 
with the depth of the Yap Trench. Similar to DO, there 
was no obvious correlation between the concentration 
of DFAA and salinity ( R =0.02,  P =0.96), indicating 
that conservative mixing/dilution is not the dominant 
factor to control the concentrations of DFAA in the 
bathypelagic layer of the Yap Trench.  

 The Yap Trench is located in the bathypelagic 
circulation channel of the Western Pacifi c Ocean. In 
the abyssal layer, the concentrations of DFAA ranged 
from 0.13 to 0.66 μmol/L. Generally, the seawater in 
the abyssal layer of the Yap Trench originated from 
the Antarctic Submerged Water (low temperature 
and high oxygen) which was transported by the 
circulation of the ocean (Kaneko et al., 1998). Carney 
(2005) found that the source of DFAA in the abyssal 
layer was the same as that of the bathypelagic layer, 
and the utilization of DFAA by microorganisms could 
be inhibited at a lower temperature in the seawater of 
the abyssal layer (<2 ℃). In this study, the variations 
of concentration of DFAA in the seawater of abyssal 
layer and sediment-seawater interface showed that the 
sediment may be the source of DFAA in the seawater 
of the abyssal and hadal zone of the trench, and the 
water depth has little eff ect on them. 

 4.1.1.3 Variation of concentrations of DFAA in the 
seawater-sediment interface of the Yap Trench 

 In general, in the seawater-sediment interface of 
the northern region of the trench, the concentrations 
of DFAA were higher than those in the seawater 
from the abyssal layer and hadal zone, which might 
be attributed to the vertical exchange of water body, 
sediment resuspension, etc. Romankevich (1984) 
reported that the concentration of dissolved amino 
acids in interstitial water was higher than that in 
seawater. The water exchange in the interstitial 
water and overlying water might lead to the increase 
of concentrations of dissolved amino acids in the 
seawater-sediment interface (Wu et al., 2018). In 
addition, the south-facing bottom water under the 
action of Coriolis forces scoured the western trench 
wall more seriously, resulting in resuspension of the 
sediment, and then part of the PAA being converted 
into DCAA in the seawater. Some of the DCAA 
was further hydrolyzed into DFAA (Svensson et al., 
2004; Yue et al., 2018). This process might lead to 
the concentrations of DFAA on the western side of 
the trench wall being higher than that on the eastern 
side at a similar depth, providing an explanation for 
our results that concentrations of DFAA were higher 
in station Dive 111 and Dive 112 than that in station 
Dive 113. Overall, the concentrations of DFAA in 
the seawater from the fi ve dive stations had a similar 
variation trend with the concentrations of DIN, and 
had an opposite trend with the concentrations of DO 
and pH (Fig.9). With the consumption of DO and 
organic matter, more CO 2  was also produced, leading 
to a decreased trend of pH values in the seawater. In a 
word, the diff erent trends of concentrations of DFAA, 
DIN, and pH in the fi ve dive stations were related 
to the combining eff ect of sediment resuspension, 
organic matter degradation, and the utilization of 
DFAA. 

 4.1.2 Algae as sources of the amino acids of DFAA 
in the seawater from the northern region of the Yap 
Trench  

 In general, the dominant amino acids of DFAA 
were similar at all the stations in the study area, 
including His, Gly, Thr, Ala, Glu, and Asp. This 
similarity occurred in almost all the water layers. 
Similar results were also detected from the survey 
of the North Adriatic Sea by Pettine et al. (1999). 
Studies on the compositions of algae in the ocean 
showed that these amino acids were the major 
amino acids constituting algal proteins (Hayashi et 
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al., 1986). Typical amino acids such as Glu could 
account for 10%–20% of the amino acid content of 
phytoplankton protein; while Gly was abundant in 
diatoms, accounting for up to 22.5% of total amino 
acids. With the death of the algae, these amino acids 
were adsorbed on the inert cell wall, thereby avoiding 
their rapid consumption by degradation process. The 
enrichment of Gly and Thr was not only aff ected 
by the release of amino acids after algal cell death, 
but also aff ected by their own chemical properties. 
Compared with other kinds of amino acids, these 
two amino acids were stable in nature and were not 
easily degraded by microorganisms or utilized by 
zooplankton (Middelboe et al., 1995; Preston et al., 
1996), leading to their higher concentrations in the 
seawater samples. However, there are many factors 
controlling the compositions and concentrations of 
DFAA in the seawater, and more extensive and deep 
research is necessary in the future.  

 4.1.3 Factors aff ecting the distributions of acidic, 
neutral, and basic amino acids 

 In DFAA, neutral amino acids were the major 
components in diff erent water depths of the northern 
region of Yap Trench, of which Ser, Gly, and Thr were 
dominant. In marine environment, the absorption 
and utilization of various neutral amino acids by 
marine microalgae are diff erent (Xu et al., 2013). The 
concentrations of acidic amino acids were the highest 
in CTD01 at 75-m depth and CTD01 at 800-m depth. 
The results were consistent with the vertical variation 
trends of the concentrations of DFAA. Previous 
study showed that Glu had a higher concentration 
in phytoplankton (Braven et al., 1995). Abundant 
Glu in phytoplankton might be contributed to high 
concentration of acidic amino acid in both euphotic 
layer and oxygen-minimum layer. Basic amino acids 
were considered to be relatively easily absorbed on 
mineral surface, and have limited degradation by 
microorganisms in seawater (Li, 2007). In all the four 
CTD stations, concentrations of basic amino acids 
increased in mesopelagic layers. It is possible that 
after utilization of neutral and acidic amino acids in 
the euphotic and mesopelagic seawater, the absorbed 
basic amino acids are released into the seawater and 
then their concentrations increase (Sun, 2012). The 
enrichment of neutral amino acids in the seawater 
samples might be caused by the low biomass of 
phytoplankton in the euphotic layer. After the death 
of algae, several relatively stable neutral amino acids 
such as Ser, Gly, and Thr adsorbed on the cell wall 

might be released into seawater after cell lysis (Zhang 
et al., 2015). 

 4.2 Degradation of dissolved organic matter in the 
seawater of the northern region of the Yap Trench  

 4.2.1 Tracking organic matter degradation by DI, the 
molar percentage of amino acids and Tyr/Phe 

 Amino acids abundance and component information 
can eff ectively refl ect the sources of unstable organic 
matter and its biogeochemical cycle (Davis et al., 
2009). The DI of amino acids was widely used to 
indicate the degradation degree of organic matter 
(Dauwe et al., 1999; Yamashita and Tanoue, 2003). 
For example, the DI has been used in assessing the 
degradation of particulate organic matter in seawater 
and organic matter in sediments (Dauwe et al., 1999). 
Since, the fraction of DFAA in total amino acids in the 
seawater was relatively low; there were fewer reports 
on DI of DFAA in previous studies. In this study, 
we calculated the DI of DFAA in the water samples. 
The results showed that the degradation degree in the 
seawater of the euphotic layer and the mesopelagic 
layer of the research area varied signifi cantly. The 
DI of many seawater samples in the two layers were 
negative with high absolute values, especially in 
the surface water above 100 m of station CTD01, 
indicating the organic matter in the seawater was 
very older. At the same depth, the DI in the seawater 
of stations CTD03 and CTD04 were positive in 
general. This obvious diff erence might attribute to 
the infl uence of the Yap Islands. Kobayashi (2000) 
reported the distance of the Yap Island Arc and the 
Yap Trench axis is abnormally short. Station CTD 01 
is much closer to the Yap Islands than the other three 
stations, so it is more likely to be aff ected by the Yap 
Islands. As a small island, their eff ect on the adjacent 
sea area is limited. Therefore, the DI values in station 
CTD01 should refl ect the input of old terrestrial 
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organic matter around there. In the other three stations, 
fresh marine origin organic matter should constitute 
the major fraction of the organic matter. Below 
1 000-m depth, most of the DI values were positive. 
These results suggested that the organic matter in the 
seawater of the bathypelagic layer, abyssal layer, and 
hadal zone was relatively fresh marine origin, and old 
terrestrial dissolved organic matter could not sink to 
the deeper layers, indicating the existence of seawater 
stratifi cation in the study area prevented mixing 
processes between surface seawater and deep seawater 
below 1 000-m depth. For the dissolved organic matter 
in deep layers of the trench, two possible sources 
might be considered. One was from the releasing 
of sinking particulate organic matter to seawater, 
the other one was from transportation of dissolved 
organic matter in other regions by water current. For 
example, Liu et al. (2018) found that part of the water 
mass in the northern Yap Trench originated from the 
Lower Circumpolar Deep Water (LCPW). The low 
temperature of this water caused slow degradation 
of organic matter in it and then the relatively fresh 
dissolved organic matter was transported to the study 
area.   

 The DI values of the seawater from the fi ve dive 
stations refl ected the role of the funnel eff ect and 
bottom water current in the study area. Stations 
Dive 110, Dive 111, and Dive 112 were located in 
the east side of the study area, and close to or in 
the hadal zone, which was strongly aff ected by the 
funnel eff ect due to the V-shaped terrain of the trench 
(Yan et al., 2020). The funnel eff ect accelerated 
sedimentation and promoted enrichment of relatively 
fresh sinking organic matter in the sediment of the 
hadal zone. Then, resuspension of the sediment 
provided dissolved organic matter in the seawater 
of the sediment-seawater interface with positive 
DI values. Station Dive 109 is not in the V-shaped 
region. The sediment of this station tended to move 
downward and then decreased the sedimentation rate. 
The reserved sediment there became older. Thus, the 
dissolved organic matter from its resuspension had a 
higher degree of degradation, and the DI value became 
negative. Station Dive 113 was on the east side of 
the trench. Liu et al.’s (2018) results show that the 
water current in the abyssal layer and the hadal zone 
is strong enough to support sediment resuspension, 
and it is stronger on the west side than on the east 
side. They also confi rmed that a part of the west 
propagating LCPW fl owed through the East Mariana 
Basin and the East Caroline Basin to the study area. 

After a long-time and long-distance transportation, 
the old and high degraded organic matter carried 
by the LCPW was fi rst deposited in the east side of 
the trench, causing the DI value of the sample from 
station Dive 113 turning negative. 

 On the other side, the molar percentages of 
amino acids are also related to their bioavailability. 
For example, Gly is abundant in the cell wall of 
diatoms, which is diffi  cult to be degraded due to its 
inertness, resulting in selective preservation of Gly 
in the seawater during diagenesis process (Cowie 
and Hedges, 1992). Therefore, with the increase of 
the degradation degree, the molar percentage of Gly 
increase, and the DI become more negative (Dauwe 
et al., 1999; Dittmar et al., 2001). However, in this 
study, the molar percentage of Gly was positively 
correlated with DI ( P <0.001), which was negatively 
correlated with the degree of degradation of organic 
matter, indicating that the Gly in the DFAA of the 
northern region of the Yap Trench came from the new 
production of phytoplankton.  

 Additional to DI and molar percentages of amino 
acids, Tyr/Phe could also indicate early diagenesis of 
organic matter in a certain extent. In phytoplankton, 
Tyr/Phe is 1.2. The ratio decreases with the occurrence 
of degradation and diagenesis of dissolved organic 
matter (Emerson, 1985). In this study, more than 90% 
of the seawater samples had the ratio less than 1.2, 
suggesting that the organic matter in the study area 
was kept degrading from sea surface to the hadal 
zone. Statistical analysis showed that DI value was 
positively correlated with the values of Tyr/Phe. Both 
DI and Thr/Phe could eff ectively track the degradation 
of dissolved organic matter in the seawater of the 
north region of the Yap Trench. 

 4.2.2 Diff erent degradation behavior of various amino 
acids 

 The loading diagram of amino acids showed that 
the contribution of acidic amino acids (Asp, Glu) 
to the fi rst principal component was negative, the 
contribution of neutral amino acids was positive, and 
the contribution of basic amino acids (His, Arg) was 
close to 0, indicating obvious clustering characteristics 
(Fig.10). Previous studies on DI suggested that the fi rst 
principal component obtained from PCA analysis of 
diff erent organisms and sediments mainly represents 
the degradation of organic matter (Dauwe and 
Middelburg, 1998; Dauwe et al., 1999; Amon et al., 
2001). The results of Fig.10 showed that Ala had the 
largest contribution to the fi rst principal component 
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(PC1) of DFAA in the seawater, and other neutral 
amino acids (Gly, Ser, Thr, Tyr) also had a signifi cant 
contribution to the PC1. The fi rst and second principal 
components accounted for 22.8% and 21.6% of the 
variance, respectively. The positive and negative 
coeffi  cients of single amino acids might lead to the 
change of DI value, suggesting that the concentrations 
of amino acids in diff erent seawater samples are 
closely related to their sources and degradation 
processes (Table 8). For example, Gly had abundant 
sources and a signifi cant degradation process in the 
study area, so its concentration varied signifi cantly 
in diff erent samples. Ala also had abundant sources, 
but its degradation was more signifi cant than that of 
Gly. Then its concentrations in the seawater samples 
were signifi cantly lower than that of Gly as a whole. 
Phe, Tyr, Leu, Ile, etc., as typical non-polar amino 
acids, were not abundant in the sources, but had high 
degree of degradation, so their concentrations were 
low in almost all the seawater samples. Yamashita and 
Tanoue (2003) found these amino acids were easily 
degradable in THAA. Our results further confi rm they 
were also easily degradable components of DFAA.  

 4.3 The correlations between DFAA and 
environmental parameters (Chl  a , pH, DIN, and DO) 

 In DFAA formation and consumption, the 
involvements of Chl  a , DO, and DIN are necessary. 
Previous studies have shown that they might have 
some infl uence on the variations of concentrations 
of DFAA in the seawater (Jiang et al., 2007). Chl  a  
is not only the major pigment for phytoplankton 
photosynthesis, but also an important indicator for 
phytoplankton biomass (Wang et al., 2015). Most of 
the metabolic activities of animals and algae in the 
ocean require the participation of DO. The growth 

of algae and the synthesis of proteins in marine 
organisms require involvement of DIN.  

 The concentrations of DFAA should be important 
to refl ect the biomass of phytoplankton and metabolic 
processes in marine environment. However, from 
our results, there were no signifi cant correlations 
between concentrations of DFAA and concentrations 
of Chl  a , pH, and concentrations of DO and DIN. 
Generally, the pH value of seawater is signifi cantly 
aff ected by CO 2  in seawater. Concentration of Chl  a  
and DO and pH values refl ect the ability and strength 
of photosynthesis and respiration of seawater in 
some extent. Amino acids and protein are not direct 
products of photosynthesis, and are not direct energy 
sources of respiration. Therefore, it is reasonable not 
to fi nd signifi cant correlations between concentrations 
of DFAA and the parameters Chl  a , DO, and pH. 
Poulet et al. (1991) found that in shelf seawater, if 
the concentration of DFAA was below 0.65 μmol/L, 
the correlation between it and the concentration of 
Chl  a  was not signifi cant. In our study, the average 
concentration of DFAAs was 0.47±0.36 μmol/L, and 
most of the values were below 0.65 μmol/L, so our 
results agreed with theirs. However, the eff ects of 
diff erent environmental factors on DFAA are complex 
in the marine environment. The feature of DFAA in 
various water layers of the Yap Trench is the result of 
multiple environmental factors, and any single factor 
have no prominent eff ect on the concentration and 
composition of DFAA (Qiao et al., 2016). 
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 Fig.10 The diagram of amino acids load in seawater 
samples of the Yap Trench 

 Table 8 Comparisons of factor coeffi  cient (fi rst axis) between 
DFAA (Yap Trench), THAA (HOT, BATS), and PAA 

 Amino acids 
factor coeffi  cient 
(fi rst axis) forms 

 Yap Trench 
(this study) 

(DFAA) 

 Kaiser and 
Benner, 2009 

(THAA) 

 Dauwe and 
Middelburg, 
1998 (PAA) 

 Asp  -0.267  -0.440  -0.102 

 Glu  -0.265  0.990  0.065 

 Ser  0.239  -0.010  0.015 

 His  -0.014  -0.070  0.158 

 Gly  0.145  -0.420  0.099 

 Thr  0.109  0.250  -0.129 

 Arg  0.007  0.310  -0.115 

 Ala  0.245  -0.330  -0.043 

 Tyr  0.107  0.250  0.178 

 Val  0.069  0.350  -0.044 

 Met  0.035  0.116  0.134 

 Phe  0.003  0.240  0.134 

 Ile  0.056  0.220  0.139 

 Leu  0.015  0.370  0.169 
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 4.4 Similarities and diff erences in biochemical 
behavior of various amino acids of DFAA 

 A correlation matrix analysis was performed 
on the relative content of DFAA in the seawater 
samples (Table 9). The data indicated that there were 
signifi cant positive correlations between 9 pairs of 
amino acids in the DFAA (Glu-Asp, Arg-His, Ala-
Ser, Ala-Thr, Tyr-Arg, Met-His, Phe-His, Phe-Arg, 
and Phe-Tyr). This kind of correlation suggested 
that they likely shared similar activity in seawater 
and might be aff ected by similar biogeochemical 
processes. For example, Asp and Glu belong to acidic 
amino acids, Arg and His belong to basic amino 
acids, and Phe and Tyr belong to aromatic amino 
acids. The only diff erence between Ala and Ser is 
that H in methyl group is replaced by -OH group. 
The molecular weight of Tyr and Arg, Met and His, 
Phe and His, and Phe and Arg are similar. In fact, the 
average molecular weight of the twenty amino acids 
ubiquitous in organisms is about 128. The molecular 
weights of Tyr, Arg, Met, His, and Phe are all higher 
than this value. Their positive correlation with each 
other suggested that the role of molecular size on their 
biogeochemical processes should not be ignored. Ten 
pairs of amino acids were negatively correlated with 
each other (Ser-Glu, Ser-Asp, His-Ser, Gly-Asp, 
Gly-Glu, Gly-His, Ala-Asp, Ala-Glu, Val-Asp, and 
Leu-Met). Since Glu is prone to transamination, it 
is reasonable to fi nd negative correlations between 
Glu and Ser, Gly, and Ala. As typical non-polar 
amino acids, their negative correlation Ala and Val 

with acidic amino acids Asp and Glu refl ected the 
diff erence between their fundamental chemical 
properties. The molecular weights of Ser, Gly, Ala 
and Val are less than 128, and Asp, His, and Glu are 
higher than 128. The negative correlations between 
the 9 pairs of amino acids (except Leu-Met) might 
indicate the diff erences of their molecular size, further 
supporting the opinion that the molecular size could 
aff ect the biogeochemical processes of various acids. 
However, the factors aff ecting the concentrations 
of diff erent amino acids in seawater were complex, 
including protein synthesis and hydrolysis, synthesis 
and degradation of amino acids, photosynthesis, 
respiration, water temperature, microbial utilization, 
etc. The signifi cance of the correlation between 
concentrations of diff erent amino acids needs to be 
further explored.  

 5 CONCLUSION 

 For the fi rst time, we conducted a direct quantitative 
study on the DFAA in the seawater of the northern 
region of the Yap Trench from sea surface to the 
hadal zone, providing evidence for understanding 
ocean nitrogen and carbon cycles in the abyssal and 
hadal seawater. Overall, the vertical variation profi les 
of DFAA concentrations in the seawater tended to 
decrease with the depth at the four CTD stations, but 
the variations of DFAA concentrations were complex 
above the mesopelagic layer of the trench (<1 000 m). 
Above 1 000-m depth, the sources of dissolved organic 
matter had both terrestrial and marine origins. Below 

 Table 9 Correlation matrix of mole percentages of 14 amino acids (mol%) of DFAA in the seawater 

   Asp  Glu  Ser  His  Gly  Thr  Arg  Ala  Tyr  Val  Met  Phe  Ile  Leu 

 Asp  1  0.677 **   -0.510 **   -0.107  -0.459 **   -0.237 *   -0.064  -0.526 **   -0.242 *   -0.331 **   -0.225  -0.105  -0.100  -0.061 

 Glu    1  -0.523 **   -0.254 *   -0.468 **   -0.206  -0.164  -0.527 **   -0.227  -0.285 *   -0.217  -0.166  -0.081  -0.104 

 Ser      1  -0.341 **   0.206  0.285 *   -0.129  0.670 **   0.112  0.040  -0.014  -0.220  0.109  0.042 

 His        1  -0.329 **   0.066  0.312 **   -0.137  0.079  0.049  0.500 **   0.315 **   -0.053  -0.012 

 Gly          1  -0.269 *   -0.062  0.176  0.105  -0.085  -0.250 *   0.019  0.122  0.085 

 Thr            1  -0.103  0.351 **   0.157  -0.071  -0.027  -0.012  -0.046  -0.056 

 Arg              1  -0.182  0.425 **   0.005  -0.018  0.444 **   0.138  -0.007 

 Ala                1  0.224  0.049  0.022  -0.211  0.090  0.018 

 Tyr                  1  -0.181  -0.094  0.382 **   0.161  -0.038 

 Val                    1  0.290 *   -0.111  -0.022  -0.139 

 Met                      1  0.219  -0.023  -0.352 **  

 Phe                        1  -0.017  -0.014 

 Ile                          1  -0.119 

 Leu                            1 

 **: correlation is signifi cant at the 0.01 level; *: correlation is signifi cant at the 0.05 level. 
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1 000-m depth, the sources were dominated by marine 
origin. The concentrations of DFAA in the study area 
were aff ected by photosynthesis and respiration, and 
terrigenous input had a signifi cant infl uence above the 
euphotic layer and mesopelagic layer. The enrichment 
of DFAA in the mesopelagic layer of the trench was 
related to dramatic changes of the environmental 
factors from the euphotic layer to the mesopelagic 
layer, such as the abundance of the microorganism, 
the oxygen minimum layer and temperature, and the 
organic matter degradation. The variation of DFAA 
concentration in the bathypelagic and abyssal layer 
was the combined results of organic matter transport, 
physical mixing of water mass, ocean circulation and 
“funnel eff ect”. At the seawater-sediment interface, 
the concentration of DFAA on the western side of 
the trench was higher than that on the eastern side, 
attributing to the roles of sediment resuspension 
and LCPW. In general, the dominant amino acids of 
DFAA in diff erent water layers of the northern region 
of the Yap Trench were similar, and concentrations 
of some amino acids have a signifi cant correlation, 
indicating the continuity of similar biogeochemical 
processes from sea surface to the hadal zone. The 
characteristics of DFAA in the study area are the 
results of the eff ect of diff erent environmental factors, 
and any single factor had no prominent eff ect on the 
feature of DFAA in the seawater of the trench. The 
cyclic transformation of DFAA throughout the Yap 
Trench will be helpful to further understand the global 
cycle of organic nitrogen and carbon in the oceans. 

 6 DATA AVAILABILITY STATEMENT 

 The datasets generated during the current study 
are available from the corresponding author on 
reasonable request. 
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