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ABSTRACT

Critical algal blooms in great lakes increase the level of algal organic matters (AOMs),
significantly altering the composition of natural organic matters (NOMs) in freshwater
of lake. This study examined the AOM'’s characteristics of Nitzschia palea (N. palea), one kind
of the predominant diatom and an important biomarker of water quality in the great lakes
of China, to investigate the effect of AOMs on the variation of NOMs in lakes and the process
of algal energy. Excitation—-emission matrix fluorescence (EEM) spectroscopy, synchronous
fluorescence (SF) spectroscopy and deconvolution UV-vis (D-UV) spectroscopy were utilized
to characterize AOMs to study the effects of nutrient loading on the composition change of
AOMs. From results, it was revealed that the phosphorus is the limiting factor for N. palea’s
growth and the generation of both total organic carbon and amino acids but the nitrogen is
more important for the generation of carbohydrates and proteins. EEM spectra revealed
differences in the composition of extracellular organic matter and intracellular organic
matter. Regardless of the nitrogen and phosphorus concentrations, aromatic proteins and
soluble microbial products were the main components, but the nitrogen concentration had
a significant impact on their composition. The SF spectra were used to study the AOMs for
the first time and identified that the protein-like substances were the major component of
AOMs, creating as a result of aromatic group condensation. The D-UV spectra showed
carboxylic acid and esters were the main functional groups in the EOMs, with ~-OCHg, —
SO,NH,, —-CN, -NH,, -O- and -COCHj; functional groups substituting into benzene rings.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

In recent years, global climate change led to several hydro-
logical geology disasters in great lakes such as the shrinkage
and significant temperature increases that concentrated

pollutants and aggravated lake eutrophication, resulted in
frequent algal blooms in fresh water lakes and reservoirs
(Glibert et al.,, 2014). Many algal bloom events have been
reported in China’s great lakes or reservoirs in recent years
(Liu et al., 2011b), each of which is followed by a huge release
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of algal organic matter (AOM). As a major contributor to the
natural organic matter (NOM) in lakes, these huge inputs of
AOMs can have a big impact on a lake’s NOM composition
because of their different properties (Henderson et al. 2008a).
In addition to destroying the geochemical composition of
water bodies (Henderson et al.,, 2010), it also affects their
aqueous water chemical behavior (Beaulieu et al., 2005;
Vandamme et al., 2012). Generally, AOMs in surface water or
lake, would be accounted for color, taste and odor (Dokulil and
Teubner, 2000) and can lead to the production of hazardous
cyanobacteria toxins. When lakes and reservoirs are used as
source water, these variations of the NOM composition will
also influence drinking water treatments including coagula-
tion (Alizadeh Tabatabai et al., 2014; Henderson et al., 2010),
filtration (Taylor Eighmy et al., 1992) and disinfection (Fang
et al,, 2010). The released AOM is not totally consumed by the
heterotrophic bacteria in lakes, resulting in its concentration
buildup. Recently, algal were used as an economic source
for biofuel. The composition of algal will influence the
harvesting-extraction systems and energy conversion effi-
ciency. It is therefore necessary to assess how AOM in lakes is
generated and how its composition changes during or after an
algal bloom to better understand the resulting change in a
lake’s NOM, effects on subsequent drinking water treatment
and algae biomass process.

The released AOM is composed of the extracellular organic
matter (EOM) releasing from the algal cell and intracellular
organic matter (IOM) from cell autolysis, generated during
population growth and would be released after dead. Generally,
the AOM is mainly composed of polysaccharides, proteins
(Gonzalez Lépez et al., 2010), peptides, amino acids and other
organic acids such as fatty acids (Cardozo et al., 2007). Several of
these have been used to characterize the composition of the
AOM for Euglena gracilis, Microcystis aeruginosa, Chlorella vulgaris,
Asterionella formosa and Melosira sp. by examining their cell
concentration, surface area, charge density, dissolved/total
organic carbon (DOC/TOC), hydrophilic properties, carbohy-
drate, protein, molecular weight fractionation, specific UV
absorbance (SUVA) (Labanowski and Feuillade, 2011), and UV
absorbance at 254 nm (Leloup et al,, 2013). However, most
researchers focused on the EOM generated from the exponen-
tial or stationary phases of cyanobacteria and chlorella (Li et al.,
2012). However, little has yet been done to characterize the
properties of IOM and there have been no reports about the total
amino acid content or the use of spectroscopic techniques such
as synchronous fluorescence and UV-vis spectra to identify the
composition of IOM under different growth phases.

Diatom, an important algal bloom species all over the world,
is a useful ecological indicator of aqueous ecosystem health for
the rapid growth rate and the role in aqueous food web (Chen
et al.,, 2016), however, their AOM has rarely been characterized
in either lakes or reservoirs, which will affect the aqueous
quality and sediment aggregation. To date, only four marine
diatom species, Skeletonema costatum, Achnanthes brevipes,
Chaetoceros affinis, and Cylindrotheca fusiformis, have been char-
acterized (Granum et al, 2002; Guerrini et al.,, 1998, 2000;
Myklestad and Haug, 1972). The AOM composition is linked to
the algae, growth phase, the age of the culture, the environ-
mental conditions including nutrient loading (Pivokonsky et al.,
2006). Although EOMs of S. costatum as a species of the marine

diatom (Granum et al., 2002) and AOMs of A. brevipes blooming
inItalian lakes were studied, only the carbohydrate, chlorophyll
and enzyme composition were concerned, with scant attention
being paid to spectroscopic analyses.

The objective of this work was, therefore, (1) to study the
characteristics of the EOM and IOM produced by Nitzschia
palea, the predominant diatom species in lakes and reservoirs
in China (Ishikawa and Furuya, 2004; Yang et al., 2012); and
(2) to investigate the influence of nutrients (nitrogen or
phosphorus concentration) on the AOM profile of N. palea for
all four growth phases.

1. Materials and methods
1.1. Algae cultivation

N. palea purchased from the Chinese Research Academy of
Environmental Sciences was cultured in the D1 medium (the
detailed composition is shown in Appendix A Table S1) of pH =

8.00-8.15 in an incubator (25°C, 12 hr/12 hr dark/light cycle;
luminance = 2200 1x), and used for subsequent experiments
once the cell concentration reached 1.0 x 10° cells/mL. To study
the influence of nutrient salts (type and/or concentration) on
the growth of the algae and the generation of AOM, the algae
cells were pretreated in a starvation culture for 3 days and then
spiked into the appropriate phosphate or nitrogen medium
(details of the nutrient concentration are shown in Appendix A
Table S2) at an initial concentration of 1.0 x 10° cells/mL. Each
treatment set consisted of three parallel samples.

1.2. AOM extraction

Centrifugal-filtration was used to extract the EOM and IOM of
N. palea. The AOM extraction method was as follows: (a) 10 mL
of cell suspension was centrifuged at 5000 r/min, 2400 xg for
15 min, and the supernatant was filtered through a 0.45 pm
polyethersulfone membrane filter to obtain the EOM sample
(Leloup et al., 2013); (b) 10 mL ultrapure water was then added
to the same volume of the residue remaining in the centrifuge
tube after the EOM extraction to wash the surface of cell twice
and then the residual cell was resuspended in the ultrapure
water. The cells were subjected to freeze-thawing (-80°C in
ultra-low freezer, 35°C in water bath) for three cycles before
being centrifuged at 10,000 r/min, 9600 xg for 15 min, after
that the supernatant was filtered again through a 0.45 um
polyethersulfone membrane filter to obtain the IOM sample
(Zhu et al., 2015). The samples were prepared up to 3 days in
advance and stored in a refrigerator at 4°C until use.

1.3. AOM characterization

1.3.1. Cell concentration and specific growth rate

The cell density of the algae was determined under an optical
microscope using hemocytometers every 2 days until the
beginning of the decline phase. The specific growth rate (u) is
calculated as Eq. (1):
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where Co (x10° cells/mL) and C, (x10° cells/mL) are the
concentrations of algal cells at the beginning and end,
respectively, of a specific time interval t (day).

1.3.2. Total organic carbon, protein, carbohydrate and amino
acid content

TOC was measured using a 3100 total nitrogen (TN)/total
phosphorous (TP) analyzer (Jena, Germany). Bradford method
(Servaites et al., 2012), anthrone-sulfuric (Laurentin and
Edwards, 2003) and ninhydrin assays (Chutipongtanate et al.,
2012) were used to determine the concentrations of the total
protein, total carbohydrates and total amino acids in AOM,
respectively. The bovine serum albumin (BSA), glucose and
lysine were used for calibration for protein, carbohydrate and
amino acids, respectively, at 595 nm, 620 nm and 570 nm,
using UV/Vis spectrophotometer (T6, Purkinje general, China).
The detailed procedure information of methods was shown in
Appendix A Text S1.

1.3.3. Fluorescence spectroscopy

All fluorescence spectra were recorded using an F-7000
Fluorescence Spectrophotometer (Hitachi, Japan) equipped
with a Xenon lamp. Excitation/emission matrix (EEM) fluores-
cence spectroscopy on the AOM was performed by scanning
from 200 to 400 nm for the emission spectra and from 250 to
500 nm for the excitation spectra (Liu et al., 2011a) at a scan
speed of 1200 m/sec; a photomultiplier tube voltage of 700 V;
slit widths of 5 nm; and scanning intervals of 10 nm for both
the excitation and emission monochromators. The spectral
data obtained was analyzed using the fluorescence regional
integration (FRI) method (Chen et al., 2003), which is shown in
detail as Appendix A Text S2. Synchronous fluorescence
spectra (SF) were obtained by scanning over a range from
250 to 500 nm with a constant offset (AN = 60 nm).

1.3.4. UV-vis spectroscopy

UV-Vis spectra were recorded with an Evolution 300 spectro-
photometer (Thermo Fisher Scientific, USA) over a wave-
length range of 200-400 nm (He et al.,, 2011). The UV-Vis
spectra obtained for the AOM were deconvoluted following
Yan’s method (Yan et al., 2013; Yan and Korshin, 2014), which
is also shown in Appendix A Text S2.

2. Results and discussion
2.1. Effect of nutrient conditions on N. palea growth

The effect of nutrient conditions on the period of growth
phase of N. palea is shown in Appendix A Table S3. The
changed nitrogen and phosphorus concentrations impacted
the growth phase of N. palea significantly. As the ambient
phosphorus concentration increased from 0.01 to 0.2 to
1.0 mg/L, the growth phase of N. palea lengthened from 13 to
15 to 16 days, respectively; for nitrogen concentrations of 1, 2
and 10 mg/L, the growth phase of N. palea lasted for 13, 16 and
15 days, respectively. As the ambient phosphorus increased,
the corresponding exponential phase period rose from 5, to 7
and then 9 days, respectively; for ambient nitrogen concen-
trations of 1, 2 and 10 mg/L, the corresponding exponential

phase period lasted for 4, 7 and 4 days, respectively. The
growth rates of N. palea AOM for each of the four growth
phases under different nutrient conditions are shown in
Fig. la. The influence of nitrogen and phosphorus on
N. palea’s growth is mainly reflected in the adaptation and
exponential phases, where the growth rates achieved their
maximum values in the adaptation phase and then decreased
in the exponential phase under the investigated nitrogen
loading. The growth rate in the adaptation phase increased as
the nitrogen concentration increased; however, the specific
rate decreased below zero in both stationary and decline
phases. When TN =1 mg/L, the growth rates in both the
adaptation (0.24) and exponential phases (0.22) were much
closer, indicating that this nitrogen loading was not sufficient
to support N. palea’s growth. Being different with the effect of
nitrogen, the growth rates under all phosphorus concentra-
tions achieved their maximum values in the exponential
phase, at 0.27, 0.17 and 0.16 for the phosphorus concentra-
tions of 0.01, 0.2 and 1 mg/L, respectively. In the adaptation
phase, no significant effect of phosphorus concentration
increasing was observed on N. palea’s growth rate. This
difference between nitrogen and phosphorus suggested that
nitrogen concentration was more beneficial for N. palea
growth during the adaptation and exponential phases
(Zhang et al., 2007). Combined with the data in Appendix A
Table S3, it is clear that increasing the phosphorus concen-
tration extended the exponential phase significantly more
than was observed under the equivalent nitrogen control
experiment. Generally, the phosphorus was more beneficial
for N. palea growth than the nitrogen. Interestingly, phospho-
rus had a negative effect on growth rate in both the stationary
and decline phases, which was more significant than nitrogen
effect. In summary, phosphorus showed a more significant
effect on N. palea’s growth than nitrogen and the effect of
nutrition on N. palea’s growth is mainly shown in the
adaptation and exponential phases.

2.2. TOC profile of N. palea’s AOM

In order to investigate the EOM and IOM of N. palea
quantitatively, TOC was used to express the total concentra-
tion of AOM, as shown in Fig. 1b and c. Regardless of the
nutrient concentration, TOC in the EOM was consistently
higher than in the IOM, indicating that N. palea released AOM
throughout its growth phase, which was different from other
published results on M. aeruginosa (Zhou et al., 2014). This was
the first time to report the AOM as TOC of N. palea. Compared
with other results on TOC of AOM calculated as ng/cell, the
values obtained in this study were very lower (0.0005-
0.00255 ng/cell under different nutrient loadings in stationary
phase) than that generated from diatoms as Melosira sp.
(0.019 ng/cell) or Asterionella fronosu (0.65 ng/cell) (Henderson
et al, 2008). Even though the culture medium used was
different, the values of N. palea were much higher than that in
IOM or EOM of M. aeruginosa cultured in BG11l medium as
3.01 x 10° or 4.2 x 107> ng/cell, respectively (Zhou et al,
2014). Based on the above, it was concluded that though the
growth rate of diatom is lower than cyanobacteria and is not
the dominated species in many freshwater, the AOM gener-
ated from diatom is much higher than cyanobacteria and was
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Fig. 1 - Effect of nutrient conditions on N. palea’s growth rate
(a) in total organic carbon (TOC) variation in extracellular
organic matter (EOM) (b) and intracellular organic matter
(IOM) (c) under different nutrient conditions. TN: total
nitrogen, TP: total phosphorous.

another important source of biological organic matters in
freshwater.

Under all different nutrition loadings, TOC in both the EOM
and IOM showed a significant decline from the adaptation

phase to the exponential phase. Combined with the analysis in
Section 2.1, no matter what the nitrogen or phosphorus
concentration was, N. palea reproduces mainly through con-
suming organic matter from AOM as it moves from the
adaptation to the exponential phase. When the nitrogen
concentration is as low as being 1 mg/L, TOC in the EOM
appeared to go up at the transition from the exponential to the
stationary phase, and then decreased in the decline phase,
which contradicts the results under TN = 2 and 10 mg/L. This
can be explained as follows: because of the nitrogen consuming
in moving from the adaption to the exponential phase, the
residual nitrogen in the environment is depleted, leaving
insufficient nitrogen in the medium for N. palea to continue to
grow during this transition (Droop, 1974; Yan and Korshin,
2014). When the environmental nutrition is scarce and some
cells die, releasing TOC in the form of IOM to become part of the
EOM that provides a matrix for the new growth round of the
cells. This is likely the main reason for the reduction in TOC
observed during the decline phase of EOM or IOM. The surviving
cells store large amounts of organic matter in IOM fraction to
maintain normal growth, resulting in the increasing amount of
TOC in the IOM in this period. As noted in Section 2.1, when the
ambient nitrogen is rich (TN = 2 mg/L), the nutrient supports
the growth of N. palea during the adaptation and exponential
phases, so the cells consume AOM and resulting in the decrease
of TOC from the adaptation to stationary phases, which
supports the earlier findings reported by Droop (1974) who
showed that it was beneficial for Chromulina (a kind of
cyanobacteria) growth to save protein, carbohydrates and
other IOMs when nutrition was unavailable in the medium.
When the ambient nitrogen was high as 10 mg/L, TOC in the
IOM increased from the exponential to the stationary phase.
During this period, cells of N. palea mainly consumed the
organic matters in the EOM to maintain their growth from the
exponential to the stationary phase, preserving the organic
matter in their IOM and thus boosting its TOC content.

In summary, high nitrogen loading was beneficial for
storing TOC in the IOM from the exponential to stationary
phase; however, the effect of phosphorus concentration on
the TOC profiles in AOM was more significant than that of
nitrogen. Low phosphorus concentration was insufficient to
allow the release of organic matter to generate EOM from the
exponential to the stationary phase, while increasing the
concentration was beneficial for organic matter release,
resulted in the increase of TOC in EOM. Unlike EOM fraction,
IOM showed an increasing trend from the exponential to the
stationary phase, confirming that phosphorus is indeed
beneficial by raising the TOC in IOM during this transition.
The substantial cell growth supported by the sufficient supply
of nitrogen led to cell death and the release of IOM to become
a part of the EOM, leading to TOC in both the EOM and IOM
increased from the stationary to the decline phase, regardless
of the phosphorus concentration.

2.3. Carbohydrate and protein profiles in N. palea’s AOM

Carbohydrates and proteins are reported to be the most
important components of AOM (Huang et al, 2012) and a
detailed profile of the carbohydrates and proteins in N. palea
AOM and the effect of nutrient condition is provided in Fig. S1.
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To evaluate their contribution to the TOC, the ratio of the algae cells, leading to an increase in the IOM carbohydrates
carbohydrates/TOC as glucose and proteins/TOC as BSA is in the stationary phase (Droop, 1974; Yan and Korshin, 2014).
shown in Fig. 2. Fig. 2a shows that the amount of carbohydrate The influence of the phosphorus on carbohydrate yield in IOM is
in the EOM produced by N. palea increased as the growth still less than that of nitrogen. Both rich and too-rich phospho-
progressed and then decreased in the decline phase under all rus concentrations were beneficial for N. palea, preserving the
nitrogen/phosphorus concentrations. Regardless of the amount carbohydrates in the EOM and IOM, although the highest yields
of nitrogen or phosphorus present, the highest concentration of of carbohydrates were observed for the poor phosphorus

carbohydrates was reached in the stationary phase, which concentration. Regardless of the nutrient loading, the value of
supports the findings reported by other researchers (Guerrini carbohydrates/TOC as glucose was much higher than 1,
et al,, 2000). The carbohydrate yields were higher under the indicating that only very few carbohydrates generated as
nitrogen control experiments than under the phosphorous monosaccharide (such as glucose) and most carbohydrates
ones. As the nitrogen concentration increased, the carbohy- generated as polysaccharide with higher molecular weight. This
drates/TOC ratio rose sharply, but the influence of phosphorus result was significant with previous study (Henderson et al,,
concentrations on the carbohydrate yield was insignificant. 2008) in that this value is closed to 1.0. Therefore, the

This result indicates that nitrogen controls the generation of carbohydrates generated from N. palea were different from
carbohydrates in N. palea. This result is not consistent with the Melosira sp. or A. fronosu.

profiles for M. aeruginosa (Huang et al., 2012), where the As shown in Fig. 2c and d, protein generation in N. palea’s
carbohydrates in the IOM were reported to be mainly produced EOM and IOM was mainly reflected in the stationary and
in the exponential and stationary phases, unlike in the EOM. decline phases, with the yield of protein in the former being
The increasing carbohydrate concentrations in the IOM during much higher than in the latter in both EOM and IOM. For
the exponential phase were ascribed to the cell growth (Droop, nitrogen concentrations of 1, 2, and 10 mg/L, the proportion of
1974; Yan and Korshin, 2014); after the nutrition was consumed, protein in TOC of EOM in the stationary phase was reached to

the carbohydrates in both the EOM and IOM increased in the 2.23, 2.14 and 4.56, respectively. The corresponding values in
stationary phase and carbohydrates in EOM were released from IOM were 7.40, 11.23 and 6.65. The proportion of protein in
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carbohydrates/TOC in IOM; (c) proteins/TOC in EOM; and (d) proteins/TOGC in IOM.
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TOC in IOM was much higher than that in EOM in both the
stationary and the decline phases, which differs from the
pattern observed in the carbohydrate profiles and is probably
due to the incomplete release of protein from the algae cells.
In EOM, the proportion of protein in TOC in the stationary
phase was zero (the protein yield was lower than the limit of
detection (0.01913 mg/L), under the concentration of phos-
phorus as 0.01, 0.20, 1.00 mg/L, respectively. The correspond-
ing values increased to 0.28, 2.02 and 1.63 in the decline phase.
The trend in the variation of the protein concentrations in the
IOM was similar to that observed for the EOMs, namely lower
in the stationary phase and higher in the decline phase. This
indicates that the nitrogen concentration is the important
factor governing the generation and release of protein. It also
suggests that the provision of sufficient phosphorus is more
beneficial for N. palea growth as it allows the use of the
ambient nitrogen in the medium to generate protein in AOM
than under solely nitrogen conditions. Moreover, when the
ambient nitrogen is sufficient, the protein content of both the
EOM and the IOM increases as the phosphorus concentration
increases. This indicates that the absorption of nitrates by the
algae in the medium may be strongly influenced by the
availability of phosphate. This biological reaction also plays
an important role in the generation of ATP and in the
activities of many enzymes, which are known to significantly
influence the generation of carbohydrates and proteins of
algae (Huang et al., 2012). Based on this analysis of cell growth
and TOC, phosphorus acts as the control factor, but for
carbohydrates and protein nitrogen is the major factor
boosting AOM yields. Compared with other studies focused
on M. aeruginosa and other diatom species, the value of
proteins/TOC as BSA was much higher than 1.0, indicated
that more amount of peptide with larger molecular weight
would be generated during the growth of N. palea (Henderson
et al., 2008). The amount of protein calculated as ng/cell of
N. palea’s AOM, was much lower than that generated from
M. aeruginosa (Huang et al., 2012), which is different from the
results of TOC, indicating that protein and peptide was not the
dominated species of AOM generated from N. palea.

2.4. Amino acid profile of N. palea’s AOM

A substantial input of amino acids in lakes or reservoirs, coming
from direct releasing or polypeptide decomposition, has a major
impact on the solution pH, reducing the capacity of water
self-purification and hindering the growth of microorganisms
in the water (Dotson and Westerhoff, 2012). However, although
amino acids are an important component of disinfection
by-product precursors (Chang et al.,, 2013; Shan et al.,, 2012),
they have rarely been studied in AOM. Therefore, this study also
examined trends in the generation of amino acids in N. palea
AOM (Fig. 3a). The variation in the total amino acids in the EOM
exhibited an interesting trend. Increased nutrient concentra-
tion was good for amino acid generation in the EOM as well as
for releasing amino acids from IOM, regardless of the nutrient
source. Under nitrogen control experiments, the maximum
yield of total amino acids was achieved in the exponential
phase, but this was achieved in the stationary phase under
phosphorus control condition. The total amino acid yield under
different phosphorous loadings was much higher than that
under nitrogen control experiments. This result contrasted with
the findings reported above for carbohydrates and proteins.
The phosphorous concentration generally favored amino acid
generation. In the decline phase, even the lowest concentration,
TP = 0.01 mg/L, boosted the amino acid concentration, probably
because of the two additional processes: (1) the photo-
dissolution of organic matter and (2) the leaching of particulate
organic matter from cell fragments (Leloup et al., 2013). The
total amino acids in IOM were barely detectable under any of
the nitrogen concentrations throughout all the algae growth
phases. This is a sharp contrast with the findings in Section 2.3
for carbohydrates and proteins (Fig. 3). The difference could be
due to that the carbohydrates in the IOM accumulated rapidly
and were concurrently reduced to free amino acids in the IOM,
exhausting the nitrogen from the adaptation to stationary
phase, as previous studies (Granum et al., 2002). However, in the
rich or too-rich phosphorus experiments, the total amino acids
were only detected in the EOM and the yield of the total amino
acids decreased from the exponential phase to the stationary
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Fig. 3 - Profiles of amino acids generation under different nutrient conditions in: (a) EOM; and (b) IOM.
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one, after which it increased significantly in the stationary
phase. Amino acids are synthesized by algal cell during the
initial growth and are utilized by the algal cell to crack grow,
leading to a decrease during the exponential phase. In the
stationary phase, the ambient nutrition is insufficient to
maintain algae growth, so the amino acids accumulate in the
cell as IOM (Droop, 1974). In summary, in both the EOM and IOM,
phosphorus supports the generation and release of amino
acids.

2.5. Identification of N. palea’s AOM by
fluorescence spectroscopy

2.5.1. EEM spectra

Fluorescence EEM spectra is an effective method to characterize
the organic components in NOMs. Generally, EEM spectra can
be divided into 5 regions (Zhang et al., 2013) as Region I (Ex/Em:
200-250 nm/270-330 nm) and II (Ex/Em: 200-250 nm/330-
380 nm) corresponded to aromatic proteins, respectively; Re-
gion III (Ex/Em: 200-250 nm/380-500 nm) was associated with
fulvic acid (FA)-like substances; and Regions IV (Ex/Em: 250-
280 nm/270-380 nm) and V (Ex/Em: 250-400 nm/380-500 nm)
represented the soluble microbial products (SMPs, e.g., proteins
and polysaccharide-like materials) and humic acid (HA)-like
substances, respectively. The EOM and IOM extracts of N. palea
at the different phases under different nitrogen or phosphorus
loadings exhibited distinctly different spectral characterization
(Appendix A Fig. S2). Under different phosphorus concentra-
tions, all five regions were detected in the EOM samples, and
aromatic proteins and SMPs (Regions I, Il and IV) were the main
substance found in the IOM. As the phosphorus concentration
increased, the fluorescence intensity of the HA-like substances
(Region V) in the IOM followed a significant pattern, first
increasing and then declining. In the EOM, the variation of the
phosphorus concentration significantly changed the fluores-
cence intensity of all five of the different substances. So did
the growth phases. Under different nitrogen concentrations,
aromatic proteins, FA-like substances and SMPs (Regions I, II
and IV) are the main constituents of EOM and IOM. The nitrogen
loading and algal growth phase affect the fluorescence intensity
of the above substance in the EOM and IOM. The intensity of the
HA-like substance in IOM in the exponential phase increased
with increasing nitrogen concentration, but weakened signifi-
cantly from the exponential phase to stable phase under the TN
was 10 mg/L. The effect of ambient phosphorus was clearly
greater on the composition of AOM than that of nitrogen. The
variation of EEM spectra under different nutrition loadings is
likely due to the variation of the chemical composition and/or
the molecular weight distribution of AOMs over the algal
growth phase (Zhang et al., 2013).

The FRI method was used to quantitatively analyze the
EEM fluorescence characteristics of N. palea AOMs (Fig. 4). In
all the samples tested, the aromatic proteins (I and II) and
SMPs (IV) were the main components in both the EOM and
IOM, with SMPs being the most important component of the
five substances. This result indicated that the nitrogen
contained substance was generated in IOM and released into
EOM. The carbon contained substance was not the dominated
substance caused fluorescence signal. This result was consis-
tent with AOMs generated from M. aeruginosa and chlorella.

Increasing the nitrogen or phosphorus concentration in-
creased the SMP yield, regardless of the growth phase. The
nutrient loading effect was more significant for the EOM. The
presence of both dead and new algae cells in the decline
phase, seriously affected the generation profiles of the AOM.
Therefore, EEM results in decline phase were not compared
with other growth phases. The aromatic proteins (I and II) in
the EOM achieved their maximum values under the three
different phosphorus concentrations in the exponential,
stationary and stationary phases, respectively. This indicates
that increasing the phosphorus concentration is beneficial for
the generation of aromatic proteins in the EOM in the
stationary phase. The aromatic proteins (I and II) in the IOM
all reached their maximum value in the exponential phase,
suggesting that the aromatic proteins were generated more
remarkably in this phase. When the ambient nitrogen is
sufficient, the aromatic proteins in the IOM are mainly
generated in the exponential phase regardless of the ambient
phosphorus concentration. As is clearly shown in Fig. 4a and
b), the variation in the concentrations of the aromatic proteins
in the EOM was more significant than that in the IOM. This
may be because N. palea mostly releases the aromatic proteins
from the IOM to the EOM. The aromatic proteins in the EOM
achieve their maximum value under the 3 different nitrogen
concentrations in the stationary, stationary and exponential
phases respectively. In contrast, the aromatic proteins (I and
II) in the IOM reach their maximum value in the exponential,
adaptation and adaptation phases, respectively. This indi-
cates that decreasing the nitrogen concentration is beneficial
for the generation of aromatic proteins in the EOM during the
stationary phase. However, increasing the nitrogen concen-
tration is beneficial for the generation of aromatic proteins (I
and II) in the IOM in the adaptation phase. Under the different
nitrogen loadings, the concentrations of the aromatic proteins
(I and II) in the EOM varied more significantly than in the IOM.
This follows the same pattern as the different phosphorus
concentrations, which indicates that the aromatic proteins (I
and II) in the EOM are released by the IOM to achieve this
growth, regardless of the nitrogen and phosphorus concen-
trations. As the nitrogen concentration increased, the aro-
matic proteins (I and II) in the EOM declined sharply. At the
highest nitrogen concentration of 10 mg/L, the aromatic
proteins (I) were hardly detectable in the adaptation phase
and the aromatic proteins (II) were also very low. These
results indicate that as long as the ambient phosphorus
concentration is sufficient, increasing the nitrogen concen-
tration will be more beneficial for N. palea’s consumption of
aromatic proteins (I and II) in the EOM than increasing the
phosphorus concentration. Under different nitrogen and
phosphorus concentrations, the proportion of aromatic pro-
teins (I and II) was reduced as the proportion of SMPs
increased. This phenomenon was most significant for the
highest TN of 10 mg/L, where the proportion of SMPs reached
85% in the adaptation and decline phases. Overall, as long as
the ambient phosphorus concentration is sufficient, changing
the nitrogen concentration will have a more significant
impact on the EOM composition and is more beneficial for
N. palea’s ability to generate SMPs in both its EOM and IOM.
Under different nitrogen and phosphorus concentrations the
proportion of aromatic proteins (I and II) reduced as the
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proportion of SMPs increased. The integrate content of FA-like
substances and humic substances were less than 40% under
all nutrient loading and growth phase, indicating that humus
in AOMs of N. palea was not the dominate species as other
algae.

2.5.2. Synchronous fluorescence spectra
In general, SF represents the summation of several different
fluorescence characteristics shown by organic matter, and they
provide better resolution and more highly detailed information
than the EEM spectra (He et al.,, 2011). In Fig. 5, three main
regions were identified in N. palea AOM, Region A (250-308 nm),
named as the protein-like region, is associated with the
presence of proteinaceous substance and mono-aromatic
compounds (dos Santos et al., 2010); Region B (308-363 nm),
was related to the fulvic-like region in that there were the
polycyclic aromatics with three to four fused benzene rings and
two to three conjugated systems in unsaturated aliphatic
structures (dos Santos et al., 2010; Peuravuori et al., 2002); and
Region C (363-595 nm) named as humic-like substances,
corresponds to polycyclic aromatics with approximately 5-7
fused benzene rings (Peuravuori et al., 2002).

In the protein-like region of the EOM (Fig. 5), there is a red
shift in the maximum fluorescence intensity relative to the

adaptation phase that varies significantly under different
phosphorus concentrations with the growth of N. palea. Organic
substances with fluorescence signals at short wavelengths
corresponded to the simple structural components with a
lower degree of aromatic polycondensation and lower molecu-
lar weight (He et al., 2011). On the contrary, fluorescence signals
at long wavelengths correspond to complex structural compo-
nents with a higher degree of conjugation and higher molecular
weight. This red shift of fluorescence intensity can be attributed
to an increase in aromatic group condensation in these
molecules (Kalbitz et al., 1999). AOMs with a higher degree of
aromatic polycondensation generally exhibit higher chemical
stability, thus increasing the retention time of AOMs in lakes
(dos Santos et al., 2010) and consequently influencing the
chemical composition of lake water. However, when ambient
nitrogen and phosphorus concentrations were 2 and 0.2 mg/L,
this red shift for EOM was not very significant indicating that
aromatic group condensation of the protein-like substance of
the EOM is not favored. Interestingly, although this shift of the
protein-like region was not detected in the IOM under different
phosphorus concentrations, it was also observed in both the
EOM and IOM for different nitrogen concentrations. This
suggests that the internal environment of the cell is stable and
thus not conducive to changing the structure of the IOM. Hence,
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when the ambient phosphorus concentration is sufficient, no
significant variation of the structure of the EOM with the
changing of nitrogen loading was observed. In addition, the data
revealed that protein-like material (Region A) was the main
component of the N. palea AOM. Under different phosphorus
concentrations, the variations in Region A (protein-like), Region
B (fulvic acids) and Region C (humic-like) are clear for both the
EOM and IOM, although this was only observed under the poor
nitrogen concentration for IOM in the exponential phase. The
peak for region B (fulvic acids) was barely detectable in either
the EOM or IOM under different nitrogen concentrations. This
confirms the result shown in Fig. 4c and d. The FA-like
substances were barely detectable in the EOM under different
nitrogen concentrations, but decreased in IOM samples as the
nitrogen concentration increased, indicating that the ambient
nitrogen concentration will have an impact on the generation
and accumulation of FA-like substances in the IOM.

2.5.3. UV spectra

Modeling results for the UV spectra of AOMs under different
nitrogen and phosphorus concentrations are shown in Fig. 6,
including two fitted curves for EOM under conditions of TP =
1.0 mg/L and TN = 10.0 mg/L, respectively. Detailed informa-
tion of the different nutrient conditions and growth phases is
provided in Table 1. However, the intensity of the UV spectra in
all the IOM samples was too low to be analyzed by the above
mathematical method. A typical result of a failed fitting for an
IOM sample (under TP = 1.0 mg/L) is shown in Appendix A
Fig. S3. As aresult, the UV spectra of the [IOM samples will not be
discussed by this mathematical method.

As shown in Table 1, the Gaussian bands at 200, 204, 206, 216,
218,226,230, 232, 234, 246,284 and 296 nm all appear in the EOM
spectra of N. palea under different nitrogen and phosphorus
concentrations. As most detectable UV absorbance in organic
compounds or functional group is based on the transitions of
n— w orm — =, the energies required for these processes lead
to the absorption peaks from 200 to 700 nm (Her et al., 2002).
Generally, three specific bands in the UV region for « — "
transitions were observed in many organic matters: the
electron-transfer (ET) band (254 nm), the benzenoid (BZ) band
(203 nm) and the local excitation (LE) band (180 nm). Yan et al.

(2012) found that in dissolved organic matter (DOM) the
absorption maxima wavelength of 206 nm corresponds to the
n — 7 transition for carboxylic acid and esters in water. Many
of the compounds that have been identified in SMPs are
aromatic (Kunacheva and Stuckey, 2014), and Carvallo et al.
(Carvallo et al., 2007) found that UV-Vis absorbance at wave-
lengths between 250 and 207 nm can be a useful way to
estimate the concentration of SMPs. The absorption band can
be enhanced depending upon the substituent type and its
position on the unsaturated carbonyl chromosphere (Her et al,,
2008). We therefore speculated that the Gaussian bands at 200,
204 and 206 nm were corresponded to carboxylic acid and
esters, while those at 216, 218 and 226 nm represented a
benzene ring substituted with -OCH;, -SO,NH, and —CN,
respectively. The bands at 230 and 232 nm represented a
benzene ring substituted with -NH,; that at 234 nm represented
a benzene ring substituted with -O7; and the band at 246 nm
represented a benzene ring substituted with ~-COCH; (Friedel
and Orchin, 1951; Hirayama, 1967; Silverstein and Webster,
2006). Generally, ultraviolet absorption characteristic peaks for
carbonyl groups occurred in the region 270-300 nm (Hirayama,
1967), and an ultraviolet absorption band of a benzene ring
substituted with -O~ was at 287 nm and an ultraviolet
absorption band for phenylacetic and 2,5-dihydroxy substitu-
tions were at 290 nm (Hirayama, 1967; Silverstein and Webster,
2006). Hence, the Gaussian band at 284 nm likely represented
carbonyl or phenol-like compounds, while that at 296 nm
represented one or more of carbonyl, phenylacetic and 2,5-di-
hydroxy. All the above speculations concerning the functional
groups represented by the different Gaussian peaks, are based
on substituted benzene rings. In addition, the phenyl ring
substitution of aromatic substances and the effect of conjugat-
ed fused ring phenomenon effect cannot be ignored and thus
requires further discussion.

As shown in Table 1, the functional groups of carboxylic acid
and esters, a benzene ring substituted with -SO,NH, and a
benzene ring substituted with -NH, are mainly present in
different growth phases and under different phosphorus
concentrations, except for the adaptation phase of the TP =
0.01 mg/L condition. When the ambient phosphorus supply
was poor (TP = 0.01 mg/L), the EOM consisted of carboxylic acid
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Fig. 6 - Gaussian band fitting of the UV spectra of EOM for two different nitrogen/phosphorus concentrations: (a) TP = 1 mg/L;

(b) TN = 10 mg/L.
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Table 1 - Gaussian components and fitting of UV spectra for algal organic matters (AOMs) for different nitrogen/phosphorus

concentrations and growth phases.

Adaptation phase Exponential phase

Stationary phase Decline phase

Position of maximum Area Position of maximum Area Position of maximum Area Position of maximum Area

\ (nm) \ (nm) \ (nm) \ (nm)
TP = 0.01 mg/L 200 1.1452 204 5.5933 204 6.3007 204 6.3359
TN = 2 mg/L 216 6.4826 218 5.5407 218 5.8466 218 5.8339
230 1.3300 232 1.3090 232 1.1360 232 1.0640
296 0.1433 246 0.2059
R® = 0.8640 R? =0.9643 R?=0.9558 R? =0.9569
TP = 0.2 mg/L 204 6.5506 200 1.1186 204 5.7315 204 6.5144
TN = 2 mg/L 218 6.9025 218 5.2387 218 6.7748 218 6.8744
232 1.0575 232 1.0356 232 1.1284 232 1.2178
246 0.1246
284 0.1333
R?=0.9563 R?=0.8472 R?=0.9565 R?=0.9578
TP = 1 mg/L 204 5.3663 204 6.3403 204 6.1376 204 6.0194
TN = 2 mg/L 218 6.7782 218 5.8664 218 5.9317 218 6.7552
232 1.0052 232 1.1358 232 1.0702 232 1.0877
R? =0.9556 R?=0.9558 R?=0.9553 R?=0.9551
TN = 1 mg/L 206 5.1492 206 5.2042 206 4.6007 206 4.7067
TP = 1 mg/L 232 0.8331 226 1.5448 234 0.6097 232 0.7599
R?=0.9456 R?=0.9564 R? = 0.9449 R?=0.9425
TN = 2 mg/L 206 0.9348 206 9.3693 206 9.6977 206 9.4094
TP = 1 mg/L 232 1.1154 234 1.0429 232 1.2144 232 1.2690
R?=0.9434 R? =0.9596 R?=0.9435 R? =0.9435
TN = 10 mg/L 206 23.9469 206 8.2910 206 8.3348 206 8.2308
TP = 1 mg/L 218 31.9621 218 26.9909 218 31.5692 218  31.9221
232 42725 232 43246 232 41014 232 4.3996
R?=0.9581 R? =0.9585 R?=0.9579 R?=0.9593

UV: ultraviolet; TP: total phosphorous; TN: total nitrogen.

and esters, a benzene ring substituted with -OCHs, and a
benzene ring substituted with -NH, or carbonyl, phenylacetic or
2,5-dihydroxy in the adaptation phase. In addition, a benzene
ring substituted with -COCH; was present in the exponential
phase of the TP =0.01 mg/L condition and a benzene ring
substituted with -COCH; and carbonyl or phenol salt com-
pounds were present in the exponential phase (TP = 0.2 mg/L).
Only two types of molecules, carboxylic acid and esters and a
benzene ring substituted with -NH,, were present in different
growth phases for TN = 1 mg/L and TN = 2 mg/L, except for the
exponential and stationary phases (under TN = 1 mg/L) and the
exponential phase (under TN =2 mg/L). When the ambient
nitrogen was too rich (TN = 10 mg/L), there were three types of
molecules, such as carboxylic acid and esters, a benzene ring
substituted with -SO,NH, and a benzene ring substituted with —
NHo,. In addition, a benzene ring substituted with -CN existed in
the exponential phase of the TN = 1 mg/L condition and a
benzene ring substituted with -O~ was present in both the
stationary phase (under TN =1 mg/L) and the exponential
phase (under TN = 2 mg/L). The area of the different Gaussian
bands ranged from 0.5 to 7 under different phosphorus
concentrations, and the area of different Gaussian bands from
0.5 to 32 under different nitrogen concentrations. In addition,
the variation of peak area in the different Gaussian bands was
much smaller for changing phosphorus concentrations than
that for different nitrogen levels. This indicates that when the
ambient phosphorus concentration is sufficient, increasing the
nitrogen concentrations is beneficial as it allows N. palea to
accumulate representative material such as carboxylic acid and

esters, a benzene ring substituted with -SO,NH, and a benzene
ring substituted with -NH,.

3. Conclusions

Based on the detailed investigation of N. palea’s AOM
presented here, two major conclusions can be reached: (1) as
long as the ambient nitrogen is sufficient, increasing the
phosphorus concentration is beneficial for N. palea growth,
which is mainly reflected in the extension of the exponential
phase. It is also beneficial for the generation of amino acids
and TOC in both its EOM and IOM. As long as the ambient
phosphorus concentration is sufficient, increasing the nitro-
gen is beneficial for N. palea growth, as it enables to generate/
accumulate protein and carbohydrates in both EOM and IOM.
Based on the above observations, phosphorus is the more
important nutrient factor affecting N. palea’s growth and the
composition of its AOMs.

(2) Synchronous fluorescence spectroscopy and decon-
volution UV-vis spectrum were used for the characterization of
the AOM firstly. The results of the synchronous fluorescence
spectroscopy revealed that different phosphorus concentrations
changed the structure of the protein-like substance in EOM,
leading to an increase in aromatic group condensation in the
protein-like substance. The results of the UV-vis spectroscopy
revealed the existence of carboxylic acid and esters in EOM and
the phenylacetic and 2,5-dihydroxy may also be present from the
observation of the long wavelength UV absorbance. There was
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also evidence to suggest the presence of the functional groups -
OCHs;, —SO,NH,, —CN, —NH,, —O~ and —-COCHj; substituted onto
the benzene ring in EOM.
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