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• WEOM derived from aquatic macro-
phytes was characterized.

• C and P in WEOM were characterized
by solid 13C NMR and solution 31P NMR.

• Degradation and transformation of
macrophyte-derived C and P were in-
vestigated.

• Macrophyte-derived WEOM are impor-
tant source for bioavailable nutrients
in lakes.
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Water extractable organic matter (WEOM) derived from macrophytes plays an important role in biogeo-
chemical cycling of nutrients, including carbon (C), nitrogen (N) and phosphorus (P) in lakes. However, re-
ports of their composition and degradation in natural waters are scarce. Therefore, compositions and
degradation of WEOM derived from six aquatic macrophytes species of Tai Lake, China, were investigated
by use of solid-state 13C NMR and solution 31P NMR spectroscopy. Carbohydrates were the predominant
constituents of WEOM fractions, followed by carboxylic acid. Orthophosphate (ortho-P) was the dominant
form of P (78.7% of total dissolved P) in the water extracts, followed by monoester P (mono-P) (20.6%) and
little diester P (0.65%). The proportion of mono-P in total P species increased with the percentage of O-alkyl
and O–C–O increasing in the WEOM, which is likely due to degradation and dissolution of biological mem-
branes and RNA from aquatic plants. Whereas the proportion of mono-P decreased with alkyl-C, NCH/OCH3

and COO/N–C_O increasing, which may be owing to the insoluble compounds including C functional
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groups of alkyl-C, NCH/OCH3 and COO/N–C_O, such as aliphatic biopolymers, lignin and peptides. Based on
the results of this study and information in the literature about water column and sediment, we propose
that WEOM, dominated by polysaccharides, are the most labile and bioavailable component in debris of
macrophytes. Additionally, these WEOMs would also be a potential source for bioavailable organic P
(e.g., RNA, DNA and phytate) for lakes.

© 2015 Elsevier B.V. All rights reserved.
Sediment
Eutrophication
1. Introduction

Aquatic macrophytes are important components of ecological sys-
tems in lakes, and can be involved in biogeochemical cycling of nutri-
ents, such as carbon (C), nitrogen (N) and phosphorus (P). They can
remove nutrients by assimilation and re-synthesis of N, P, and improve
the quality of overlying water by adsorbing heavy metals and organic
pollutants in lakes (Clabeaux et al., 2011; Dwivedi et al., 2008;
Nirmal-Kumar et al., 2008; Brisson and Chazarenc, 2009).Whereas deg-
radation and release of nutrients from the debris of dead plant biomass
could also be an important source of internal nutrients in oligotrophic
lakes, even support blooming of algae in eutrophic lakes (Chinney and
Pietro, 2006; Xie et al., 2004).

Water extractable organic matter (WEOM) derived from aquatic
macrophytes is the most dynamic component in biogeochemical
cycling, due to its quick migration and transformation when released
from plant litter (Qu, 2013). The dynamics and reactivity of WEOM in
the environment depend mainly on their chemical structure and
external environment factors (Wu, 2009; He and Wu, 2015). The pro-
portion of alkyl-C and aromatic C in organic matter (OM) would be dif-
ficult to decompose, whereas OMs containing more polysaccharides
would be degraded and released into the overlying water more easily
(Kögel-Knabner, 2002; Krull et al., 2003). Thus, characterization of OM
is of great significance in studying degradation processes. Although
WEOM from soil, sediment or crop residues have been widely investi-
gated using solid-state 13C NMR, solution 31P NMR and enzymatic hy-
drolysis (Wu et al., 2010; Zhu et al., 2013; Xu et al., 2012; Noack et al.,
2012), information on WEOM derived from aquatic macrophytes is
very limited (Qu et al., 2013; He et al., 2009). The C functional groups
in several aquatic macrophytes were characterized (Qu et al., 2013;
He et al., 2009). They revealed that more polysaccharides, but less aro-
matic distributed in macrophyte-derived WEOM compared with that
in exogenous OM. However, information on characteristics of water-
extractable C and P, and their roles in nutrient cycling in eutrophic
lakes is still poorly understood. Therefore, the overall goal of this
study was to gain such information.

Nuclear magnetic resonance (NMR) spectroscopy has been
widely used to characterize organic matter in environmental and
agricultural samples (Wu and Xing, 2009; Zhang et al., 2009; Qu
et al., 2013). Solution 31P NMR and solid-state 13C NMR spectroscopy
have some advantages over other spectral analyses, such as ultravio-
let and infrared spectroscopy. They can generally provide more
detailed information on C and P in WEOM (Qu et al., 2013; Zhu
et al., 2015). Indeed, solution 31P NMR and solid-state 13C NMR
were mostly used to analyze soil, sediment, animal manures, humic
acid or fulvic acid (Gélinasa et al., 2001; Turner et al., 2003;
Doolette et al., 2009; Bai et al., 2013). However, few studies have
focused on WEOM from aquatic macrophytes in eutrophic lakes
(Qu et al., 2013; Cheesman et al., 2010).

Thus, in this work, we characterized C and P in water extracts de-
rived from aquatic macrophytes of Tai Lake (Ch: Taihu), using solution
31P NMR and solid-state 13C NMR spectroscopic techniques. Relation-
ships between the distribution of C and P forms in WEOM fractions
were further analyzed. Finally, implications on the degradation or trans-
formation of plant-derived C and P in biogeochemical cycling of nutri-
ents in lakes were discussed.
2. Materials and methods

2.1. Aquatic plant collection and WEOM preparation

Six living aquatic macrophytes species were collected from the
macrophyte-dominated zone in the eastern section of Tai Lake, a
large, eutrophic lake in Jiangsu Province, China (Fig.1). The water
quality in the eastern section of Tai Lake, termed East Tai Lake, is
good due to less influence by human activities. Three types of aquatic
plants were selected: a) emergent plants; water oats (ZC, Zizania
caduciflora Turcz., Gramineae) and branch smartweed (PD, Polygo-
num divaricatum Linn); b) floating plants; water caltrop (TB, Trapa
bispinosa Roxb.) and water poppy (NP, Nymphoides peltata (Gmel.) O.
Kuntze); and c) submerged plants; watermifoil (MV, Myriophyllum
verticillatum Linn.) and water thyme (HV, Hydrilla verticillata (Lf) Royle).
The whole fresh plants were washed, killed in an oven (90 °C) for
15min and then dried at 60 °C until a constantmass. After drying, ground
plants pass through a 1-mmsieve. Then, these sampleswere extracted by
use of a 30:1 (mL/g) water to sample ratio, and themixtureswere shaken
for 18 h (Brown and Sposito, 1991). Suspensions were then centrifuged
(8000 × g) for 30 min, and filtered through 0.45-μm glass fiber filters
(Hunt et al., 2007). Aliquots of water extracts were used for the qualifica-
tion of dissolved C, N and P. The remaining water extracts were freeze
dried, and then preserved in a desiccator at room temperature until
solid 13C NMR and solution 31P NMR analysis.

2.2. Chemical analysis

Contents of total carbon (TC) and total nitrogen (TN) in ground
aquatic macrophytes were determined using an elemental analyzer
(Elemental vario macro EL, Germany). Total phosphorus (TP) and in-
organic phosphorus (IP) were determined by SMT method described
by Ruban et al. (1999, 2001). Organic phosphorus (OP) in samples
was calculated by the difference between TP and IP. Dissolved organ-
ic carbon (DOC) and dissolved total nitrogen (DTN) in water extracts
were measured by a multi N/C 3100 analyzer (Jena, Germany).
Dissolved total phosphorus (DTP) and Molybdate-Reactive P (MRP)
were measured using molybdenum blue method (Murphy and
Riley, 1962), and dissolved organic phosphorus (DOP) calculated
by the difference.

2.3. Solid-state 13C NMR analysis

Solid-state CP/MAS 13C NMR spectroscopy of freeze-dried water
extracts was performed in a Bruker AV-300 spectrometer at 12.5
KHz, using a standard 4-mm double-bearing probe. Approximately
2048 scans were accumulated using a pulse width of 1.0 μs, a recycle
delay time of 5 s, and a 0.0492 s acquisition time. The relative distri-
bution of C functional groups in different structures was determined
by integrating the signal intensities over defined chemical shift win-
dows using MestReNova10.0. The defined spectral windows and cor-
responding structures were: I, 0–45 ppm (alkyl-C); II, 45–60 ppm
(NCH/OCH3); III, 60–95 ppm (O-alkyl C); IV, 95–110 (O-C-O); V,
110–145 ppm (Aromatic C); VI, 145–165 ppm (Aromatic C-O); and
VII, 165–190 ppm (COO/N–C_O) (Cade-Menun and Paytan, 2010;
Nelson and Baldock, 2005).



Fig. 1. Map showing sampling sites in Tai Lake (Ch: Taihu).
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2.4. Solution 31P NMR analysis

Freeze-dried water extract powders (100 mg) were re-
dissolved in 0.5 ml 10 M NaOH and 0.4 ml 1 M NaOH-0.1 M
EDTA, and left to stand for 30 min after vortexing. Mixtures were
then centrifuged at 8000 ×g for 30 min, and 0.5 ml supernatant
were transferred to a 5-mm NMR tube, and then 0.1 ml D2O was
added to lock the signal. Solution 31P NMR spectra were acquired
at 161.98 MHz on a Bruker 400 MHz spectrometer equipped with
a 5-mm broad band probe, using a 15-μs pulse width, 4.32-s
pulse delay, and 0.21-s acquisition time. Between 10,000 and
20,000 scans were acquired per sample, with temperature con-
trolled to 20 °C. Processing of spectra and integrations was carried
out using MestReNova10.0 software. Assignment of peaks was
performed by comparison with literature (Cade-Menun et al.,
2015; Giles et al., 2015; Cade-Menun and Paytan, 2010), and the
spectra obtained during spiking experiments conducted in this
study.
2.5. Statistical analysis and plotting

Before performing statistical analyses, data were checked for
deviations from normality and homogeneity of variance. To check
whether there was a significant linear relationship between the
relative abundances of water-extracted C and P, Pearson correlation
coefficients (r values, two-tailed) at p b 0.01 and p b 0.05 were
determined using SPSS 19.0. Figures were processed using
CorelDraw Graphics Suite X4 (Corel Corp.) and OriginPro 8.0
(OriginLab Corp.).
3. Results and discussion

3.1. Properties of aquatic plants and their WEOM

Contents of C, N and P in ground plants and their water extracts are
shown in Table 1. Contents of TC the six aquatic macrophytes ranged
from 335 to 443 mg g−1 dry mass (dm) with a mean of 389 mg g−1.
The greatest concentration of TCwas observed in NP, while the concen-
tration was less in HV. The concentration of TN was 19.2–30.5 mg g−1

with a mean of 25.1 mg g−1. Content of TP ranged from 1.3 to
3.5 mg g−1 with a mean of 2.3 mg g−1. Among the six plants, PD had
the lowest N and P, while the greatest concentration was observed
in HV. Mean ratios of C:N, C:P and N:P were 16, 188 and 11, respec-
tively. Contents of C, N and lignin, as well as the ratios of C:N and
C:P are all good predictors of degradation of plants, which has been
reported by many researchers (Fog, 1988; Taylor et al., 1989;
Melillo et al., 1982; Berg and Staaf, 1980). Generally, lesser contents
of lignin and greater contents of N, P are benefit for the degradation
of aquatic macrophytes. Therefore, the smaller ratios of C:N and C:P
and greater contents of N and P indicated the readily degradation
of debris derived from submerged plants of HV and MV. In contrast
to debris derived from MV and HV, debris derived from emergent
plants of ZC and PD are likely more resistant to decompose for emer-
gent plants ZC and PD due to their high rates of C:N and C:P, as well as
less contents of N and P in ZC and PD. This was also supported by re-
sults of previous studies on WEOM derived from plants of Lake
Dianchi (Qu, 2013).

Mean contents of DOC and DTN in water extracts were 85.7 and
3.1 mg g−1 dm, respectively, which accounted for 21.2% of TC and
13.2% of TN in original plant biomass. Contents of DTP and DOP in



Table 1
Contents of C, N and P in ground plants and their water extracts in Tai Lake.

Sample Original plant powder WEOM

Contents (mg g−1) Mass ratio Contents (mg g−1) b Extraction efficiency c (%)

TC TP OP TN C:N C:P N:P DOC DTP DOP DTN C N P OP

ZC a 406 2.0 0.7 21.6 18.8 208 11 113 1.6 0.1 4.3 27.8 19.7 79.7 12.9
PD 422 1.3 0.7 19.2 22 331 15 62.2 0.7 0.0 5.1 14.7 26.5 50.9 2.0
TB 380 2.1 1.6 24.8 15 182 12 47.4 0.5 0.1 0.8 12.5 3.1 23.3 6.1
NP 443 2.7 1.5 27.5 16 164 10 198 2.1 0.8 2.9 44.7 10.5 77.1 50.7
MV 347 2.3 1.4 26.9 13 149 12 40.2 0.7 0.1 2.0 11.6 7.6 31 6.7
HV 335 3.5 1.4 30.5 11 95 9 54 2.0 0.1 3.6 16.1 11.8 57.8 4.0
Average 389 2.3 1.2 25.1 16 188 11 85.7 1.3 0.2 3.1 21.2 13.2 53.3 13.7
SD 42.5 0.8 0.4 4.1 4 80 2 60.6 0.7 0.3 1.6 12.9 8.5 23.2 18.5
PD-stem 431 1.2 0.5 17.2 25 365 15 79.8 0.8 0 7.0 18.5 40.8 64.3 2.4
PD-leave 464 1.9 1.2 28.4 16 239 15 56.8 0.8 0.1 1.8 12.3 6.4 43.2 7.9
PD-root 388 1.3 0.7 12.2 32 308 10 23.6 0.3 0.1 0.5 6.1 4.0 26.2 16.7

a ZC, Zizania caduciflora; PD, Polygonum divaricatum; TB, Trapa bispinosa; NP, Nymphoides peltatum;MV,Myriophyllum verticillatum; HV, Hydrilla verticillata; PD-stem, PD-leave and PD-
root, the stems, leaves and roots of Polygonum divaricatum, respectively.

b Expressed as the amounts of dry biomass.
c The proportion of DOC, DTP, DOP, DTN in WEOM to TC, TP, OP, TN in original plant powder.

749S. Liu et al. / Science of the Total Environment 543 (2016) 746–756
extractswere 1.3 and 0.2mgg−1, respectively, accounting for 53.3% and
13.7% of the TP andOP in these samples ofmacrophyte. These results in-
dicated that a greater proportion of P in aquatic macrophytes tend to be
dissolved and released into thewater than C or N in these debris. Aquat-
ic macrophytes with greater concentrations of C and P would release
more dissolved C or P into the water column upon their death. For ex-
ample, among the six water extracts, water extraction efficiency of C
and P was greatest in NP, a floating plant with greatest C and P concen-
trations. Distributions of C, N and Pwere significantly different in stems,
leaves and roots (Table 1). The greatest concentrations of C, N and P
were observed in leaves, while concentrations were less in roots. How-
ever, both the ratios of C:N and C:Pwas least in leaves. Amongwater ex-
tracts derived from stems, leaves and roots, the extraction efficiency of
C, N and P was greatest in stems and lowest in roots.

3.2. Solid-state 13C NMR analysis for water extracts

For the six freeze-dried water extracts, solid CP/MAS 13C NMR spec-
tra showed a dominant bandof OCH at 70 ppm, nonpolar alkyl-C of CCH,
CCH2 and CCH3 at 24 ppm, O–C–O at 98 ppm and COO/N–C_O at
175 ppm (Fig. 2). Other peaks were identified, such as OCH2 at
64 ppm, and broad signals at 54 ppm due to presence of NCH/OCH3. Si-
multaneous presence of OCH at 70 ppm, OCH2 at 62 ppm and O–C–O at
98 ppm suggested the presence of carbohydrates, such as starch and
Fig. 2. Solid CP/MAS 13C NMR spectra
cellulose. NCH at 54 ppm, COO at 175 ppm and alkyl at 0–50 ppm indi-
cated the presence of amino acids, peptides and proteins. The presence
of peaks associatedwith sugar rings, N–C_Oand alkyl-C, wasmost like-
ly associatedwith the presence of nucleic acids (DNA or RNA). Peaks as-
sociated with COO and aromatic C, plus the presence of CCH, CCH2 and
CCH3, indicated the presence of carboxylic acid or phenolic acids of less-
er molecular masses.

Although the locations of predominant absorption peaks observed
by solid 13C NMR were similar for the six plant-derived WEOM mate-
rials, abundances of various C-containing functional groups were varied
among these WEOM (Table 2). The maximum abundance of C-
containing functional groups with a mean value of 45.8% was observed
at 65–90 ppm,which is associatedwithO-alkyl functional groups. Itwas
followed by a region at 0–45 ppm, indicative of alkyl-C (mean, 16.4%)
and at 165–190 ppm (mean, 15.5%) associated with COO/N–C_O.
These results indicated that carbohydrates were the predominant com-
ponents in WEOM fractions extracted from the six plant samples. Also,
carboxylic acids (COO) were present in these samples (Fig. 2 and
Table 2). Additionally, the small proportion (b10%) of NCH/OCH3 at
45–65 ppm and aromatic C at 110–165 ppm indicated that trace
amounts of lignin and aromatic substances in plant biomass were likely
a composition of WEOM derived from these plants (Wilson, 1987).

Abundances of C-containing functional group present at 0–45 ppm
were greater in water extracts of MV and HV than other extracts,
of six freeze-dried water extracts.



Table 2
Relative proportions of carbon functional groups in plant-derived WEOM from solid 13C NMR analysis.

Sample Alkyl-C NCH/OCH3 O-alkyl O–C–O Aromatic-C Aromatic C–O COO/N–C_O Al–Ca Ar–Cb

0–45 45–65 65–90 90–110 110–145 145–165 165–190

ZC 11.7 4.2 52.9 11.1 4.5 2.4 13.2 79.9 6.9
PD 18.2 5.3 32.7 8.9 10.4 4.2 20.4 65.0 14.6
TB 17.5 3.1 43.1 6.2 7.2 6.6 16.5 69.8 13.7
NP 11.5 2.9 56.4 12.0 5.5 2.3 9.3 82.9 7.9
MV 18.6 4.9 48.7 6.3 4.1 2.4 15.0 78.5 6.5
HV 20.9 4.6 40.8 7.3 5.1 2.5 18.8 73.7 7.6
Average 16.4 4.2 45.8 8.6 6.1 3.4 15.5 74.9 9.5
SD 3.9 1.0 8.7 2.5 2.3 1.7 4.0 6.7 3.6

a Al–C (total aliphatic C): 0–110 ppm.
b Ar–C (total aromatic C): 110–165 ppm.
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which suggested that more chemical structure of long-chain aliphatic
biopolymers, such as cutans, waxes and cutins (He et al., 2015) would
be the composition of WEOM derived from MV and HV. The integral
areas at 65–90 ppm, a peak indicative of the presence of polysaccharide,
were greater in WEOM derived from ZC and NP. Whereas the percent-
age of aromatic-C (110–145ppm)was relatively small in theirwater ex-
tracts. The sharp peaks appearing at approximately 145 ppm, 126 ppm
and 116 ppm in floating plants, including TB and NP, were likely owing
to the presence of crystallized aromatic substances (Wilson, 1987). The
percentage of COO/N–C_O (165–190 ppm)was greater inWEOM frac-
tions from HV (18.8%) and PD (20.4%) than others, which indicated that
more organic acids distributed in their water extracts. The CP/MAS 13C
NMR spectra varied among stems, leaves and roots of PD (Fig. 3). The
strong absorption peaks at 70 ppm, 99 ppm and around 178 ppm and
a weak peak at 120 ppm were observed in stems, while leaves and
roots had a broad weak peak at 70 ppm. These results indicated that
more polysaccharides and carboxylic acids, while less phenolic acid dis-
tributed in WEOM derived from stems than that from leaves and roots.
Whereas, more long-chain alkanes and less aromatics and organic acids
in WEOM derived from leaves and roots than that from stems. The ob-
servation is consistent with previous results reported by Qu, 2013,
who also found more polysaccharides in stems and more refractory
alkyl-C in leaves. This can also support our observations that the extrac-
tion efficiency of C, N and P by water was greater in stems and lesser in
leaves and roots.

3.3. Solution 31P NMR analysis for WEOM

Results of 31P NMR spectroscopy of WEOM derived from aquatic
plants are shown in Fig. 4 and Table 3. The mean concentration of
ortho-P (peaks at 5.32–5.67 ppm) was 9.4 × 102 mg kg−1 dm, which
Fig. 3. Solid CP/MAS 13C NMR spectra of water extracts derived from stems, leaves and
roots of PD.
accounted for 78.7% of the DTP in water extracts of the plant biomass.
This result indicates ortho-P was the predominant form of P in water
extracts. Other forms of P observed by 31P NMR included mono-P
(peaks at 3.15–5.00 ppm) and unhydrolyzed diesters (peaks at 1.0 to
−1.5 ppm). Mean concentrations were 3.1 × 102 mg kg−1 (20.6% of
TDP) and 7.7 mg kg−1 (0.65% of TDP), respectively. Unhydrolyzed dies-
ters consisted mainly of incompletely degraded phospholipids (at
0.08–0.83 ppm) and stable DNA (peaks at −1.52 to −1.11 ppm)
(Turner et al., 2003). Pyrophosphate and polyphosphates were not de-
tected in these WEOM fractions.

Details of P compounds in the mono-P regions of 31P NMR spectra
were further investigated by spiking experiments (Fig. 5). Four peaks
at 4.85, 3.95, 3.58 and 3.48 ppm associated with phytate (dissolved in
1 M NaOH-0.1 M EDTA) were identified with a classic 1:2:2:1 area con-
figuration (designated as C1, C2, C3, and C4 in Fig. 5a) (Turner et al.,
2003; Cade-Menun et al., 2015). The WEOM from NP exhibited signifi-
cantly greater signals at 4.85, 3.95, 3.58 and 3.48 ppm when phytate
was added. Phytate was detected only in water extracts derived from
NP, which could be accounted for 31.0% of TDP. The addition of a mixture
ofα- andβ-glycerophosphate (1:1) increased the signals at 4.31 ppmand
3.97 ppm (Fig. 5b). The chemical shift at 3.15 ppm corresponded to
phosphocholine (Fig. 5c). The chemical shift at 3.69 ppm was due to
AMP (Fig. 5d). The chemical shifts of several mononucleotides over-
lapped, and thus were difficult to distinguish. According to the results of
these spiking studies and chemical shifts previously reported (Turner
et al., 2003; Cade-Menunet al., 2015), the peak at 4.53 ppmwas identified
asGlucose-6-phosphate. Thus, basedon results of spiking studies andpre-
vious studies, α- and β-glycerophosphates in WEOM fractions were
identified and mean contents were 32.4 mg kg−1 and 49.2 mg kg−1,
which accounted for 3.1% and 5.0% of the TDP, respectively. Mononucleo-
tide was only detected in PD and MV, with a mean percentage of 0.9%,
Fig. 4. Solution 31P NMR spectra of six freeze-dried water extracts from plants.



Table 3
Contents (mg kg−1) and relative peak area (%) (shown in parentheses) of solution 31P NMR spectra in nine WEOM fractions.

P species ZC PD TB NP MV HV Average PD-stem PD-leave PD-root

Ortho-P 1242 (80.1) 566 (87.3) 387 (79.3) 1230 (59.1) 652 (90.4) 1552 (76.3) 938(78.7) 712.65(93.8) 692.8(82.6) 288.2(87.3)
monoesters G6P nd⁎ nd 21.0 (4.3) nd nd 468(23.0) 81.5 (4.6) nd nd nd

Phytate nd nd nd 644.8 (31.0) nd nd 107 (5.2) nd nd nd
α-Glyc 91.8 (5.9) 22.0 (3.4) 17.8 (3.8) 31.5 (1.5) 31.1 (4.3) nd 32.35 (3.1) 14.3 (1.9) nd 30.9 (9.4)
β-Glyc 193 (12.4) 28.1 (4.3) 40.8 (8.4) nd 34.0 (4.7) nd 49.2 (5.0) 17.8 (2.4) 77.7 (9.3) 11.2 (3.4)
Mononucleotides nd 32.5 (5.0) nd nd 4.5 (0.6) nd 6.2 (0.9) 10.7 (1.4) 68.4 (8.2) nd
Phosphocholine nd nd nd 35.0 (1.7) nd nd 5.8 (0.28) 4.3 (0.6) nd nd
Unknow nd nd 13.32 (2.7) 141.4 (6.8) nd nd 25.8 (1.6) nd nd nd
Total 284.2 (18.3) 82.6 (12.7) 93.0 (19.1) 852.7 (40.9) 69.6 (9.7) 467.7 (23.0) 308(20.6) 47.0 (6.2) 146.1 (17.4) 42.1 (12.8)

Diesters phospholipid 5.7 (0.4) nd 8.0 (1.6) nd nd nd 2.3 (0.33) nd nd nd
DNA 19.1 (1.2) nd nd nd nd 13.7 (0.7) 5.5 (0.32) nd nd nd
Total 24.8 (1.6) nd 8.0 (1.6) nd nd 13.7 (0.7) 7.7 (0.65) nd nd nd

G6P, glucose 6 phosphate; α-Glyc, α-glycerophosphate; β-Glyc, β-glycerophosphate.
⁎ “nd” = “no detected”.
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while phosphocholine was 0.28%. Glucose-6-phosphate was identified in
TB and HV and the mean content was 81.5 mg kg−1 (4.6% of TDP). Addi-
tionally, there were also some unknown mono-P accounting for 1.6%
(Table 3).

There were significant differences among proportions of different
formsof P inWEOMderived fromstems, leaves and roots of PD. Theper-
centage of ortho-P in WEOM derived from stems was greater than that
from leaves and roots, while monoester P was two or three times less in
WEOM derived from stems than that from leaves and roots (Fig. 6 and
Table 3).

3.4. Correlations of C functional groups and P compounds in WEOM

Relative abundances of C functional groups are indicative of the deg-
radation and humification processes of OM (Krull et al., 2003; Kalbitz
Fig. 5. Solution 31P NMR spectra from spiking experiments.NP spiked spectrawere obtained aft
samplewithoutmodel. Other spectrawere in the sameway likeNP. Labeled peaks are for phyta
(d).
et al., 2003). In addition, correlation analysis of the abundances of differ-
ent C functional groups can provide information on the internal cross-
linking structures of OM (He et al., 2013).

Thus, relationships between different C functional groups in in
WEOM derived from six plants were analyzed (Table 4). The relative
abundance of alkyl-C was positively correlated with COO/N–C_O (p b

0.05), suggesting alkyl-C and COO/N–C_O groups in the WEOM per-
haps had the similar origins or source dissolved from the samples,
such as aliphatic acid, a common OM in aquatic plants. Additionally,
the relative abundance of alkyl-C was negatively correlated with O–C–
O (p b 0.05) in theWEOM, which is likely implied that the OM contain-
ing more O–C–O groups and less alkyl-C would be easily released into
the water. The relative abundance of aliphatic C (Al–C) was positively
correlated with O-alkyl (p b 0.01) and negatively correlated with
aromatic-C and COO/N–C_O (p b 0.05). The relationships implied that
er the addition of model into NP sample.NP blank spectrawere obtained frommacrophyte
te (a), 1:1α-glycerophosphate and β-glycerophosphate (b), phosphocholine (c), and AMP



Fig. 6. Solution 13P NMR spectra of WEOM fractions derived from stems, leaves and roots
of PD.
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O-alkyl dominated in the Al–C groups, and Al-C competed with aromatic
C and COO/N-C = O to be composed of the backbone C structures in
WEOM of these plant biomass. This conclusion is also supported by the
negative correlation between O-alkyl and COO/N–C_O (p b 0.01).

These relationships between C functional groups can be attributed to
the selective release and degradation of OM from aquatic macrophytes.
Decomposition of aquatic macrophytes involves an initial loss of carbo-
hydrates, including cellulose and hemicellulose, and then the slower
transformation of aromatic structures in lignin molecules, followed by
the decomposition of more recalcitrant carbon (alkyl-C) (Kögel-
Knabner, 2000). In the initial phases of decomposition of aquaticmacro-
phytes, the relative contents of alkyl-C in plant litter increases, while the
absolute and relative amounts of O-alkyl decrease (Baumann et al.,
2009). This observation can be further confirmed by the negative corre-
lation of DOC concentrations in extracts with the relative abundance of
alkyl-C (p b 0.05) and COO/N–C_O (p b 0.05), and the positive correla-
tionwith the total percentage ofO-alkyl C and O–C–O (p b 0.05). Organ-
ic matter consisting of more refractory alkyl-C, COO/N–C_O and
aromatic C constituents would be more difficult to be degraded. Thus,
less of these compounds than others (e.g., cellulose, hemicellulose)
would be expected to be released into water.

Other components of WEOM, such as P, would also release into the
water column during the dissolution and degradation of OM in aquatic
macrophytes. Relationships between the proportion of different P com-
pounds and C functional groups can provide insights into the internal
structure information of WEOM released from aquatic macrophytes.
Table 4
Correlation coefficients between C functional groups and P species identified by 13C NMR and

Alkyl-C NCH/OCH3 O-alkyl O–C–O Aromatic C Arom

NCH/OCH3 .554
O-alkyl −.759 −.585
O-C-O −.858⁎ −.286 .528
Aromatic C .220 .201 −.761 −.047
Aromatic C–O .253 −.299 −.484 −.478 .597
COO/N–C_O .834⁎ .674 −.964⁎⁎ −.629 .577 .39
Al–C −.636 −.394 .960⁎⁎ .512 −.842⁎ −.69
Ar–C .261 −.011 −.719 −.256 .926⁎⁎ .85
DOC −.850⁎ −.576 .694 .906⁎ −.178 −.40
Ortho-P .563 .760 −.562 −.631 .198 .19
Mono-P −.548 −.729 .552 .635 −.186 −.22
Diester-P −.175 −.379 .108 −.098 −.168 .43

Significance of a coefficient at ⁎ p ≤ 0.05 and ⁎⁎ p ≤ 0.01 (n = 6).
The positive correlation between the abundance ofmono-P in total P
species and DOC concentration (p b 0.05) can be explained by preferen-
tial dissolution of monoester P (e.g., α- and β-glycerophosphate,
phosphocholine) with the autolysis of WEOM (Table 4). The relation-
ships between mono-P and alkyl-C, NCH/OCH3, COO/N–C_O and O–
C–O functional groupswere analyzed further. Although the correlations
between them were not significant, the variation of mono-P with the C
functional groups still could be found in Fig. 7. Abundance of mono-P is
likely directly proportional to the abundance of O-alkyl and O–C–O,
while an opposite trend was observed between abundance of mono-P
and alkyl-C, NCH/OCH3 and COO/N–C_O. The fact that there was no
correlation between concentrations of diesters of P and C functional
groups might be due to the lability of some diesters, such as RNA and
phospholipids.

Monoesters in WEOMwere mainly composed of degradation prod-
ucts of RNA and phospholipids, such as mononucleotide, glycerophos-
phate and phosphocholine. The abundance of mono-P increased with
O-alkyl or O–C–O indicated that mono-P in theWEOMmainly originat-
ed from the degradation of the components of plants containing O-C-O
or O-alkyl groups. RNA contains sugar groups, Such as ribose. Thus, deg-
radation of RNAwould result in an increase inmono-P and someC func-
tional groups, such as OCH and OCH2. Also, degradation products of
biologicalmembranes are always associatedwith phospholipid and gly-
colipids including structures of OCH2 and O–C–O groups, as well as
mono-P degraded from phospholipid. Phospholipid and glycolipids are
themain components of biological membranes, which include the cuti-
cle, middle lamella and cellular membranes (Hance and Anderson,
1963; Salisbury and Ross, 1995; He et al., 2015). Therefore, mono-P
would also increase with the dissolution and degradation of biological
membranes in WEOM. Inconsistent trend between mono-P and alkyl-
C, NCH/OCH3 and COO/N–C_O may be owing to the insoluble com-
pounds including C functional groups of alkyl-C, NCH/OCH3 and COO/
N–C_O, such as aliphatic biopolymers, lignin and peptides (Kögel-
Knabner, 2002) in aquatic macrophytes. This conclusion can be further
confirmed by the relationships observed between O-alkyl and alkyl-C
and COO/N–C_O, as discussed above. The results presented here are in-
consistent with those of Gressel et al. (1996), who found a positive rela-
tionship between mono-P and alkyl-C signal intensities in liquid-state
NMR spectra obtained from extracts of forest floor and topsoil horizons.
The organic floor layers of the forest contain organics of a high degree of
humification, which will accumulate more refractory alkyl-C derived
from plants. Whereas, mono-P derived from plants are relatively stable
in the humification processes of OM. Thus, decomposition of structural
components of plant litter during the process of humification or diagen-
esis may explain the relationship betweenmono-P and alkyl-C. Howev-
er, samples examined during the study, the results of which are
presented here, were fresh WEOM, without humification. Therefore,
soluble components would be expected to be preferentially released
31P NMR spectroscopy.

atic C–O COO/N–C_O Al–C Ar–C DOC Ortho-P Mono-P

6
6 −.894⁎

6⁎ .558 −.870⁎

8 −.821⁎ .653 −.307
8 .676 −.521 .221 −.854⁎

9 −.673 .522 −.227 .862⁎ −.997⁎⁎

4 .002 −.053 .096 −.168 .034 −.106



Fig. 7. Relationships between mono-P and C functional groups in WEOM derived from aquatic plants of Tai Lake.
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into water and result in coupling of mono-P and sugar groups of O-alkyl
and O–C–O.

3.5. Implications for biogeochemical cycling of plant-derived C and P

WEOM derived from aquatic macrophytes would be directly re-
leased into the water column when the death of these plants. Also,
some WEOM would be precipitated into the sediments by interaction
with metal ions (e.g., Fe, Al, and Ca) or minerals (Helms et al., 2013;
Riedel et al., 2012; Kalbitz et al., 2005; Kaiser and Guggenberger,
2000), lake sediments could thus be the ultimate “sink” of some
WEOMandwater unextractable OM in aquatic macrophytes. Therefore,
comparison and discussion of P species and C functional groups among
Table 5
Comparison of C functional groups characterized by solid 13C NMR between WEOM derived fr

Sample Relative abun

C-types Alkyl-C NCH/OCH3 O-alkyl O–C–O

Chemical shift/ppm 0–45 45–65 65–90 90–110

WEOM ZC 11.7 4.2 52.9 11.1
PD 18.2 5.3 32.7 8.9
TB 17.5 3.1 43.1 6.2
NP 11.5 2.9 56.4 12.0
MV 18.6 4.9 48.7 6.3
HV 20.9 4.6 40.8 7.3
Average 16.4 4.2 45.8 8.6

Sedimenta FA 27.7 10.8 10.5 8.6
HA 55.2 13.3 6.1 0.6
Humin 73.5 2.2 1.5 2.2
Average 52.1 8.8 6.0 3.8

“nd”= not detect.
a Data cited from Lin et al., 2011.
macrophyte-derived WEOM, water column and sediments would help
our understanding of the contribution and transformation of plant-
derived OM in lake ecosystems.

To our knowledge, there has been no 13C NMR analyses of dissolved
organicmatter (DOM) in overlyingwater of Tai Lake, but several studies
focused on the DOM by using other spectral analyses, such as three-
dimensional fluorescence and ultraviolet spectra (Yao et al., 2011;
Hu et al., 2011). The composition of DOM from Tai Lakewater was in-
vestigated by use of three-dimensional fluorescence and ultraviolet
spectra (Hu et al., 2011). Results of that study showed that proteins
and polysaccharides were predominate fractions of DOM from
macrophytes-dominant East Tai Lake with few aromatics was ob-
served. This is consistent with the composition of WEOM derived
om aquatic macrophytes and FA, HA and Humin derived from sediments of Tai Lake.

dance of C functional group/(%) Alkyl-C/Ar–C

Aromatic-C O-aromatic COO/N–C_O Carbonyl C

110–145 145–165 165–190 190–220

4.5 2.4 13.2 nd 1.7
10.4 4.2 20.4 nd 1.3
7.2 6.6 16.5 nd 1.3
5.5 2.3 9.3 nd 1.5
4.1 2.4 15.0 nd 2.9
5.1 2.5 18.8 nd 2.8
6.1 3.4 15.5 nd 1.9

15.0 5.8 16.6 5.0 1.3
6.1 1.7 8.8 8.3 7.1

15.4 2.2 2.9 nd 4.2
12.2 3.2 9.4 4.4 4.2



Fig. 8. Schematic of degradation and accumulation of plant-derived C and P in lake ecosystems.WEC:water extractable C,mainly including polysaccharides and carboxyl acid.WEP: water
extractable P, mainly including degradation products of RNA and phospholipid.

754 S. Liu et al. / Science of the Total Environment 543 (2016) 746–756
from aquatic macrophytes, which may provide new evidence that
debris of aquatic macrophytes would be an important source for
DOM in water of East Tai Lake.

The relative abundances of C functional groups, characterized by 13C
NMR spectroscopy in WEOM derived from aquatic macrophytes and
OM (e.g., FA, HA and Humin) in sediments from Tai Lake (Lin et al.,
2011), are shown in Table 5. The percentage of refractory alkyl-C and
aromatic-C groups were greater in sediments than that in WEOM,
while proportions ofO-alkyl andO–C–Owere significantly lower in sed-
iment than that in WEOM. It can be assumed that the WEOM derived
from aquatic macrophytes would be released into the overlying water,
and the unextractable OM remaining in the debris of aquatic macro-
phytes would be precipitated in the sediments. Thus, these differences
could be attributed to degradation and dissolution of lability of com-
pounds containing O-alkyl and O-C-O such as polysaccharides from
aquatic macrophytes, and those refractory OM such as lignin and aro-
matics remaining in the residues would be accumulated in sediments.
In addition, the ratio of refractory alkyl-C to aromatic-C in WEOM was
similar to that in sediments from Tai Lake, which indicated that some
WEOM derived from endogenous aquatic plants would also be the ori-
gin of OM in sediments.

A schematic of predominant C functional groups and P compounds in
WEOM derived from aquatic macrophytes, water column and sediments
of East Tai Lake is shown in Fig. 8. For P compounds, the ratio of diesters to
Table 6
Comparison of P characterized by 31P NMR in the water column, sediments and plant-derived

Sample Relative abunda

Ortho-P Mono-P Diester-P

WEOM ZC 80.1 18.3 1.6
PD 87.3 12.7 nd
TB 79.3 19.1 1.6
NP 59.1 40.9 nd
MV 90.4 9.7 nd
HV 76.3 23.0 0.67
Average 78.7 20.6 0.65

Water columna 23.2 60.3 5.98
Sediment 74.6 b

88.0 c
18.9
9.0

5.50
2.4

“nd”= not detected.
a Data cited from Sun, 2013.
b From Zhu et al., 2015.
c From Zhang et al., 2009.
monoesters is a good indicator for degradation of P-containing materials
(Paytan et al., 2003). Quantitative results of different P species in concen-
trated and freeze-dried water and NaOH-EDTA extracted sediments of
East Tai Lake in previous studies (Sun, 2013; Zhu et al., 2015; Zhang
et al., 2009) were comparedwith P-containing compounds inWEOMde-
rived from aquatic macrophytes in this study. The proportion of mono-P
and diester-P was significantly greater in the water column than that in
plant-derived WEOM and sediments, but ortho-P was less in the water
column (Table 6). This is probably owing to the requirement for ortho-P
during the growth of plants in the overlyingwater of lakes. The ratio of di-
ester to monoester was significantly greater in sediments than that in
WEOM or water column (Table 6). The result suggested that P com-
pounds identified as monoesters and diesters could undergo substantial
transformations in water and sediments. Monoesters, including α-
glycerophosphate, β-glycerophosphate, phosphocholine, mononucleo-
tide, detected by NMR, were mainly degradation products of labile dies-
ters, such as RNA and phospholipids. Therefore, some peaks identified
in the 31P NMR spectra within the monoester range are an indication of
the presence of diesters, particularly RNA and phospholipids. The ratio
of diester to monoester was greater in the sediment than that in WEOM
derived from either aquatic macrophytes or water column. This is likely
because degradation of labile diesters detected in the monoester range
(phospholipids and RNA), and the production of stable diesters (DNA)
by bacteria when some WEOM precipitated into the sediments. The
WEOM from East Tai Lake.

nce of P species/(%) Diester-P/mono-P

phosphonate Pyro-P Poly-P

nd nd nd 0.09
nd nd nd –
nd nd nd 0.09
nd nd nd –
nd nd nd –
nd nd nd 0.03
nd nd nd 0.03
22.3 3.08 2.82 0.10
nd
nd

1.0
0.6

nd
nd

0.29
0.26
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increase in the proportion of stable diesters, such as DNA, is also consis-
tent with previous reports (Reitzel et al., 2012; Reddy and DeLaune,
2008), where it was found that microbial activity increases diester con-
centrations owing to the large amounts of diesters in bacteria. Thus, dies-
ters may play a significant role in the biogeochemical cycles of P in the
macrophyte-dominated eastern region of Tai Lake.

Phytate is always thought to be derived from exogenous sources,
such as soils and plants in land, in both lakes and rivers (Turner et al.,
2002; Giles and Cade-Menun, 2014). However, it was detected in
WEOM fractions from the floating plant of NP, and accounted for a
large proportion (31.0%) of TDP in WEOM. This result indicated that
aquatic macrophytes are important sources of phytate in sediments of
lakes, especially macrophyte dominated lakes. This conclusion is also
supported by large concentrations and proportions of phytate-like P in
sediments fromEast Tai Lake (Zhu et al., 2015). Phytate-like P, including
free inositol phosphates and those bound to proteins and fulvic acids
(Herbes et al., 1975) constitute significant proportions of phosphate
monoester in sediments of lakes (Reitzel et al., 2007; Jørgensen et al.,
2011).

4. Conclusions

Carbohydrates were predominant constituents of WEOM derived
frommacrophytes of Tai Lake, followed by a small proportion of carbox-
ylic acid. There were few contents of lignin and aromatic substances in
these WEOMs. Ortho-P was the dominant form of P in water extracts,
followed by mono-P and diester P. The forms of C and P in the WEOM
derived from aquatic macrophytes were related to structural compo-
nents of plant biomass. Degradation products of phospholipid and
RNA, production of DNA by bacteria as well as plant-derived phytates
may play an important role in biogeochemical cycling of P in East Tai
Lake. Thus,more attention should be paid on biological factors in cycling
of P. TheWEOMof aquatic macrophytes was dominated by polysaccha-
rides, which were likely the most labile and bioavailable nutrients for
life in lakes. Additionally, the residual OM, except WEOM, in the debris
derived from aquatic macrophytes would be degraded by microorgan-
isms or even resistant to degradation and accumulation in the sediment.
Thus, the role of these residual OMs derived from aquatic macrophytes
should be clarified in further studies.
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