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ABSTRACT: The use of ultrafiltration to isolate high molecular
weight dissolved organic matter (HMWDOM) from seawater is a
fundamental tool in the environmental organic chemist’s toolbox.
Yet, important characteristics of HMWDOM relevant to its origin
and cycling, such as its molecular weight distribution, remain
poorly defined. We used diffusion-ordered NMR spectroscopy
coupled with mixed-mode chromatography to separate and
characterize two major components of marine HMWDOM:
acylpolysaccharides (APS) and high molecular weight humic
substances (HS). The molecular weights (MWs) of APS and HS
both fell within distinct, narrow envelopes; 2.0−16 kDa for APS
and 0.9−6.5 kDa for HS. In water samples from the North Pacific
Ocean the average MW of both components decreased with depth
through the mesopelagic. However, the minimum MW of APS was >2 kDa, well above the molecular weight cutoff of the ultrafilter,
suggesting APS removal processes below 2 kDa are highly efficient. The MW distribution of APS shows only small variations with
depth, while the MW distribution of HS narrowed due to removal of HMW components. Despite the narrowing of the MW
distribution, the concentration of HS did not decrease with depth between 15 and 915 m. This suggests that HMW HS produced in
surface waters was either degraded into lower MW compounds without significant remineralization, or that HMW HS was
remineralized but replaced by an additional source of HS in the mesopelagic ocean. Based on these results, we propose potential
pathways for the production and removal of these major components of HMWDOM.
KEYWORDS: High molecular weight dissolved organic matter, diffusion−ordered spectroscopy, humic substances, acylpolysaccharides

■ INTRODUCTION
In natural waters, organic matter not retained by a 0.1−1 μm
filter is operationally classified as “dissolved”.1−3 Dissolved
organic matter (DOM) can be further separated into high
molecular weight and low molecular weight fractions
(HMWDOM and LMWDOM, respectively) by ultrafiltration
(UF).4−7 HMWDOM is nominally defined as having a
molecular weight (MW) greater than the molecular weight
cutoff (MWCO) of the ultrafilter (typically 1 kDa), and can
account for up to a third of marine DOM and as much as two-
thirds of DOM in freshwater systems.8−19 The range of MWs
included in this fraction is very broad, spanning several orders
of magnitude. For example, Santschi et al.20 found that a
fraction of marine HMWDOM consisted of colloidal fibrils
with an estimated MW approaching 1 MDa, while Hertkorn et
al.21 found that a humic-like component of HMWDOM
primarily contained compounds with a MW range of 300−600
Da. In between these two extremes, biopolymers such as
proteins and nucleic acids, have MWs between 10 to >70
kDa.22−24

The MW of biopolymers impacts their trace metal binding
characteristics, their potential for aggregation and particle

formation, and perhaps most importantly, their rate of
degradation by heterotrophic bacteria and fungi.25−28 To be
assimilated, substrates need to be transported into cells
through porin channels. These channels have MW restrictions
of ≤800 Da. HMWDOM biopolymers >800 Da need to be
hydrolyzed by extracellular or cell surface enzymes before
being transported into the cell.29−41 Up to 90% of the
identifiable biopolymers in marine HMWDOM belong to a
family of compositionally related acylpolysaccharides (APS)
characterized by the high percentage of N-acetyl aminosugars
that make up the polymer. The MW of APS will dictate the
amount of extracellular hydrolysis needed before the cell can
take them up.15,42−44 Larger polysaccharides will require more
hydrolysis steps to reach the ∼800 Da porin weight restriction.
Models of APS lability propose that extracellular hydrolysis
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occurs slowly and is the rate-limiting step in APS
degradation.45 To better understand how MW controls the
uptake rate of APS by heterotrophic bacteria and fungi, a
refined description of the APS MW distribution is necessary.
Humic substances (HS), another major component of

HMWDOM, comprise a broad class of compounds charac-
terized as being carboxylic-rich and alicyclic.21 Analysis of HS
in HMWDOM by high-resolution mass spectrometry found
that the intensity-weighted average MW of ions was 450 Da,
much lower than the 1 kDa MWCO of the UF membranes
used to collect the samples, and similar to the MW of HS
extracted from seawater onto hydrophobic resins via solid-
phase extraction (SPE).21,46,47 The presence of LMW humic
substances in the HMWDOM fraction could be due to a bias
in the mass spectrometric analysis favoring the detection of
LMW compounds or due to the inadvertent retention of LMW
HS by the UF membrane due to fouling.48−52 Measuring the
MW distribution of HS will allow us to determine if there is a
high molecular weight fraction of HS, or if LMW humic
substances in HMWDOM are a result of membrane fouling or
biases in mass spectrometric analyses.
In this study, the MW distributions of the APS and HS

components in HMWDOM were measured by diffusion-order
spectroscopy (DOSY).53 DOSY is a pseudo-2D nuclear
magnetic resonance (NMR) technique that measures the
diffusion coefficient associated with signals in a one-dimen-
sional (1D) 1H spectrum. Using model compounds with a
range of known MWs, a relationship between diffusivity and
MW was developed. We used mixed-mode chromatography
(MMC) to separate HMWDOM into fractions of different
average MWs, improving the resolution of the DOSY
technique and providing quantitative information about the
amount of carbon in different MW fractions. By leveraging the
strengths of MMC and DOSY, we characterized the MW
distributions of APS and HS and proposed potential processes
responsible for the transformation and degradation of these
two major components of HMWDOM.

■ MATERIALS AND METHODS
Isolation and Concentration of DOM. Seawater samples

were collected from 15, 628, and 915 m at the Natural Energy
Laboratory Hawaii Authority (19° 43.66′ N, 156° 3.60′ W) in
Kona, Hawaii (Figure S1 Supporting Information) during
March 2019. HMWDOM was concentrated from filtered
seawater (0.2 μm) by UF using a custom continuous UF
system. For a complete description of the system see Repeta
and Aluwihare,54 but, in brief, filtered seawater was pumped
through spiral wound UF membranes (GE-osmonics; GE
Series) with a nominal MWCO of 1 kDa. Filtration was
performed in 24-h batches and the HMWDOM concentrates
(retentates) were reduced to ∼20 L, filtered through a 0.1 μm
PES capsule filter, and frozen to await further processing.55

This final concentrate contained the HMWDOM from
approximately 10,000 L of seawater. After thawing, the sample
concentrate was 0.2 μm filtered, reduced in volume to ∼2 L,
and desalted by serial (×10) diafiltration with deionized water
(2 L each). The desalted samples were lyophilized, yielding a
fluffy, white powder (28−34% C). Approximately 15% of the
total DOC in the original sample was recovered, giving similar
yields as has been reported previsously.56,57

Mixed-Mode Chromatography of HMWDOM. Mixed
mode chromatography (MMC) was used to separate
constituents of HMWDOM into 11 fractions with decreasing

molecular weight. MMC was performed with a column (7.8 ×
300 mm, 9 μm; Supelcogel; Vo = 3.1 mL) packed with
sulfonated (8% cross-linked) polystyrene/divinylbenzene gel
with calcium as the counterion maintained at 45 °C on an
Agilent HPLC (Agilent 1260 Series). MMC separates analytes
primarily on the basis of their molecular weight, although a
degree of separation also occurs due to selective interactions
between polyhydroxyl moieties and the complexing (Ca2+)
cations on the column media.58−60 Ultrapure water (18.2 MΩ)
was used as the mobile phase at a flow rate of 0.25 mL min−1

and each analysis lasted for 40 min. One-minute fractions were
collected between 17 and 28 min, coinciding with sample
elution. Corresponding fractions from multiple collections
were pooled. In total 243 chromatographic separations were
performed for each sample depth. MMC recoveries were 94%
C for the 15 m sample and 89% C for the 915 m sample. The
missing carbon was lost during processing, either due to
irreversible adsorption onto the column or during the
subsequent transfer and drying steps.
Each of the 11 fractions was dried under vacuum at ambient

temperature and dry weights were measured gravimetrically on
a Sartorius Pro 11 balance. Subsamples from each fraction
were submitted to the University of Hawaii at Man̅oa SOEST
Laboratory for Analytical Biogeochemistry for C and H
content analysis, which was performed on an Exeter Analytical
CE 440 Elemental Analyzer. A full description of the analytical
protocol has been described previously.61

NMR Analysis of HMWDOM. NMR spectra were acquired
on a Bruker Avance Neo NMR spectrometer operating at
400.13 MHz (B0 = 9.4 T) using TopSpin 4.1.3 software.
Samples were dissolved in 0.7 mL of D2O (≥99.96 atom % D)
to a final concentration of 1 mg mL−1. All spectra were
acquired on a Bruker Prodigy inverse geometry 5 mm z-
gradient broad band probe. All spectra were acquired at 302 K.

1H NMR spectra were acquired using a NOESY pulse
program with presaturation water suppression (NOE-
SYGPPR1D; Bruker). The 90° hard pulse length was set to
12 μs and a 10 ms mixing time was used. Acquisition time was
1.7 s and the relaxation delay (D1) was 2 s. For each spectrum,
128 scans were collected. Spectral subtraction was used to
calculate the concentration of the components of APS and HS
in each sample based on NMR peak area.21 A full description
of this calculation is in the Supporting Information.
DOSY experiments were performed using the

STEBPGP1S19 pulse program (Bruker), which uses bipolar
gradient pulses for diffusion, contains a z-axis spoiler gradient
and uses a 3−9−19 water suppression sequence to reduce
signal from the solvent peak. The maximum gradient strength
was 53.5 G cm−1 and 32 linear gradient steps were used with
power increments from 2 to 95% of the maximum gradient
strength. For each gradient increment, 256 scans were
collected. Gradient recovery delay was 200 μs, relaxation
delay (D1) was 2 s, and the diffusion time (Δ) was 0.2 s. The
magnetic field gradient pulse length (δ/2) was 1150 μs. DOSY
spectra were processed with Bruker Dynamic Center 2.7.1 and
diffusion coefficients were calculated using a monoexponential
fit. A Bayesian method from MestReNova 14.2.362 and the
multiexponential fit (two exponentials) DOSY utility from the
General NMR Analysis Toolbox 1.3.263 were also used and
yielded the same diffusivity values. All signals above baseline
were analyzed. The full parameter set for the DOSY
experiment can be found in the Supporting Information.
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Three classes of MW standards were used to precalibrate
DOSY experiments and to create a MW−diffusivity standard
curve (Figure S2, Supporting Information). Polystyrenesulfo-
nate, globular protein, and pullulan standards (all from PSS
Polymer Standard Services, Germany) with a MW range of 0.3
to 22 kDa were used to represent the continuum of expected
MWs and conformations in HMWDOM. Suwannee River
Humic Acid (International Humic Substances Society) was
also analyzed. The MW distribution of Suwannee River Humic
Acid has been extensively studied making it an excellent
natural organic matter standard for intercomparison.64−68

Validation of the DOSY technique for estimating DOM MW
is discussed in the Supporting Information (Table S1). To
confirm that freeze-drying did not significantly shift the MW of
the samples, aliquots of the HMWDOM retentate were
analyzed before and after lyophilization. We found no
measurable effect of freeze-drying on the 1H NMR spectrum
or on measurements of diffusion coefficient.

■ RESULTS AND DISCUSSION
Proton NMR Spectroscopy of HMWDOM. 1H NMR

spectra of HMWDOM (Figure 1) are similar to those

previously reported for marine and freshwater samples.43,69,70

There is a broad peak centered at 3.5 ppm from HC-OD
protons assigned to carbohydrates and peaks at 2.0 and 1.2
ppm from N-acetyl functional groups and alkyl moieties,
respectively. The peak at 3.5 ppm is associated primarily with
APS, while the peaks at 2.0 and 1.2 ppm are the combination
of signals from N-acetyl and 6-deoxy sugars in APS, and alkyl
groups in HS. The large variety of alkyl groups found in HS
leads to a broadening of the 1.2 ppm peak in samples with a
large HS component. Beneath these signals, there is a broad
signal between 3.1 and 0.8 ppm associated with alicyclic and
aliphatic protons found in HS.21,43 The relative peak areas of
the APS and HS signals provide an estimate for the amount of
each component present in the sample. The HS signal
becomes more pronounced in the deeper samples
(Figure 1, black), indicating that the proportion of HS in
HMWDOM increases with depth.

Molecular Weight of APS and HS in HMWDOM. The
MW of the APS component of the 15, 628, and 915 m
HMWDOM were found to be 6.1 ± 0.8, 4.4 ± 0.2, and 3.1 ±
0.3 kDa while the HS MWs were 2.7 ± 0.6, 1.6 ± 0.2, and 1.3
± 0.2 kDa, respectively. The reported uncertainties combine
the error in diffusivity curve fitting based on covariance
analysis with the error of the standard curve linear regression.
Uncertainties are not a measure of the MW distribution of
each component but instead indicate the precision of the MW
measurement using DOSY−derived diffusivities.71 These
results suggest that prior estimates of the average MW of
HMWDOM were accurate; the MW of most of the
HMWDOM falls between 1 and 10 kDa.72−75

Diffusivities derived via the DOSY technique are weighted
average values. DOSY measures the decrease in signal intensity
at a given chemical shift due to diffusion. If two (or more)
components have signals at the same chemical shift and similar
diffusion coefficients, the diffusivity measured by DOSY will
represent the weighted average of the decreases in signal
intensity of the those components. To determine the MW of
APS and HS in HMWDOM, the values of their respective
diffusion coefficients were determined via DOSY and were
assigned from regions of the 1H NMR spectra where the signal
can be attributed largely to a single component (3.38 and 2.20
ppm for APS and HS, respectively). The diffusivity values at
other chemical shifts (for example 1.2 and 2.0 ppm) are
weighted averages of the MWs of HS and APS constituents,
and their diffusivity values therefore reflect the relative
contributions from each constituent. This effect causes the
DOSY signal to shift in the diffusion dimension (Y-axis)
between two extrema that represent the diffusion coefficients
of the two components (Figure 2A). The diffusivity at 1.2
ppm, for example, is greater than the diffusivity at 3.38 ppm
where the APS signal dominates, but smaller than the
diffusivity at 2.20 ppm where the HS signal dominates.
Importantly, the APS MW assignment represents a lower
bound as there is likely some contribution from HS in the
signal at 3.38 ppm. Likewise, the HS MW assignment
represents an upper bound as there is likely some signal
contribution from APS.
Trends in MW of HMWDOM with Depth. The DOSY

analyses showed that the average diffusivity of HMWDOM
increases with depth, indicating that there is a decrease in the
average MW of HMWDOM between 15 and 915 m (Figure
2B). Many processes such as exoenzyme catabolism of APS
and ultraviolet (UV) degradation of HS have been proposed
for the breakdown of HMWDOM, resulting in the production
of lower molecular weight compounds.76−78 As the measured
MW is a weighted average, it is unclear whether higher MW
components within HMWDOM were preferentially removed,
leaving only the lower MW components behind, or if all
components within HMWDOM underwent a decrease in MW
with depth. These two scenarios can be distinguished by
comparing the molecular weight distribution of APS and HS
between samples. The molecular weight distribution represents
the range and relative proportion of the different components
within a sample. For example, if most APS constituents all fall
within a narrow MW envelope, the range in diffusivity
measured at 3.38 ppm will be small. Conversely, if APS
constituents are evenly distributed across a wide range of
MWs, the range in diffusivity at 3.38 ppm will be broad (Figure
S3, Supporting Information). The preferential removal of
higher MW APS should decrease the range or broadness of the

Figure 1. 1H NMR spectra of 15 m (light blue), 628 m (dark blue),
and 915 m (black) HMWDOM in D2O. All spectra were normalized
to signal intensity at 3.3 ppm. Shaded regions (4.0−3.1 ppm; 2.1−1.7
ppm; and 1.3−0.9 ppm) indicate portions of the spectra that have
significant APS signal. The intensities of the broad HS signals (4−1
ppm) increase with depth, indicating a greater contribution of HS in
the deeper HMWDOM samples. The chemical shifts are referenced
to the water peak at 4.70 ppm (*).
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MW distribution, resulting in a change in the diffusivity spectra
at 3.38 ppm. In contrast, if all components within APS
decreased in MW with depth we would expect little change in
the broadness of the MW distribution, despite a decrease in the
average MW.
To quantitatively compare the MW distribution for APS and

HS, the span factor was computed. Span provides a unitless
metric for the broadness of the MW distribution; components
with a broader range of MWs will have higher span values,
while components with a narrow MW distribution will have
low span values. To determine the span factor, the tenth,
fiftieth, and ninetieth percentiles (Dv10, Dv50, and Dv90
respectively) of the MW distribution were calculated and
span was computed as (Dv90 − Dv10)/Dv50 (Figure S3,
Supporting Information). The APS spans in the 15, 628, and
915 m samples were 0.19, 0.15, and 0.15, respectively. The
APS span decreased only slightly between the surface and the
deep samples. In contrast, the corresponding spans for HS
were 0.54, 0.45, and 0.28. The span of the HS MW distribution
in the 915 m sample was considerably narrower than the MW
distribution of the 15 m sample. The MW distribution of HS in
the 628 m sample displayed an intermediate span between
surface and deep HS. While the small decrease in the APS MW
span suggests some preferential removal of HMW material, the
large decrease in MW between 15 and 915 m suggests that the
entire APS fraction decreased in MW with depth. The decrease
in the HS span with depth on the other hand, suggests that
higher MW HS were preferentially removed, resulting in a
decrease in both MW and span with depth.
Distribution of Carbon within the MW Envelope of

HMWDOM. To further describe the MW distribution of HS
and APS, MMC was used to separate these HMWDOM
components by MW. The amount of carbon recovered in each
fraction of the MMC is shown in Figure 3. Only HMWDOM
from 15 and 915 m were analyzed as the 1H and DOSY NMR
spectra suggest a smooth transition in MW with depth
(MW15m > MW628m > MW915m). For both samples, most of the
carbon eluted between Ve/Vo = 1.5−1.9 (F3−F8), although a
relatively greater amount of material eluted in the later

fractions (F7−F11, Ve/Vo = 1.9−2.2) of the 915 m sample
compared to the 15 m sample, indicating a greater proportion
of 915 m HMWDOM was low MW. These results are
consistent with the NMR data that suggest HS comprises a
larger fraction of the 915 m sample.

Figure 2. Diffusivity−chemical shift contour plots of the DOSY spectra of HMWDOM samples. Diffusivity is plotted on the vertical axis. A smaller
(more negative) diffusivity corresponds to a higher MW. The 1D spectrum (gray trace) atop the plots is a projection of the 15 m sample DOSY
spectrum. (A) The 15 m HMWDOM DOSY spectrum displays diffusivity signals which can be attributed to APS (shaded regions; 4.0−3.1; 2.1−
1.7; and 1.3−0.9 ppm) and HS (3.1−2.1; 1.7−1.3 ppm). The diffusivity of the APS component (1.68 × 10−10 m2 s−1; green dashed arrow) is
smaller than the diffusivity of the HS component (2.12 × 10−10 m2 s−1; red dashed arrow) indicating that the APS has a higher MW than the HS.
(B) The DOSY spectra for HMWDOM collected at three depths show that the diffusivity increases with depth, signifying that the MW of
HMWDOM decreases with depth. The chemical shifts are referenced to the water peak at 4.70 ppm (not shown).

Figure 3. Relative amount of carbon recovered in each MMC fraction
of the 15 m (light blue) and the 915 m (black) HMWDOM samples.
Ve/Vo signifies the ratio of the elution volume to the void volume of
the column. The fraction numbers are given above the bars. More
than 60% of the material eluted in the middle of the chromatographic
run (F3−F6, Ve/Vo = 1.5−1.8).
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NMR Analysis of HMWDOM MMC Fractions. 1H NMR
spectra of the MMC fractions (Figure 4) show a change in

sample composition across the MMC separation. The peaks
attributed primarily to APS (3.3 and 1.8 ppm) decrease in
relative intensity in the later eluting fractions, while the regions
associated with HS (2.2 and 1.2 ppm) increase. Fractions with
greater elution volumes have a larger proportion of HS relative
to APS. The peak at 1.2 ppm includes contributions from both
HS and APS. In the later-eluting fractions, the 1.2 ppm peak
increases in relative intensity and peak width measured at half
height due to the increased relative contribution of HS to this
peak.
DOSY analysis of the MMC fractions from the 15 and 915

m samples shows that both APS and HS in earlier-eluting
fractions have higher MWs than later-eluting fractions (Figure
5). MWs of the two components in each fraction are plotted in
Figure 6. The MW of both components plateau in the later-
eluting fractions (F8−F11) of each sample, with the APS
reaching a minimum MW of 3.5 and 2.0 kDa in the 15 and
915 m samples respectively, and the HS reaching a minimum
MW of 0.9 kDa at both depths. Most of the HMWDOM
sample is above the nominal 1 kDa MWCO of the filter,
suggesting that little membrane fouling and retention of LMW
HS occurred. The DOSY results confirm that both MW and
composition shift across the MMC separation. The MW of
HMWDOM is controlled, in part, by the distribution of the
chemical components, and discussions of processes such as

bacterial and fungal degradation of DOM, or characterizations
of DOM lability that use MW as a metric, must also consider
the chemical makeup of the sample rather than treating
HMWDOM as a monolithic substance.
APS and HS as Two Major Components of HMWDOM.

HMWDOM has two major components: APS and HS.69 Each
component has a different MW distribution. The sums of the
mass-weighted average of MWs of the MMC fractions for APS
(6.1 ± 2.0 and 3.2 ± 1.0 kDa for the 15 and 915 m samples,
respectively) were very similar to the average MW measured
for APS in the whole HMWDOM samples (6.1 ± 0.8 and 3.1
± 0.3 for the 15 and 915 m samples). Similarly, the average
MW of MMC fractions for HS (1.8 ± 1.3 and 1.1 ± 0.4 kDa
for the 15 and 915 m samples, respectively) were similar to the
MWs measured for HS in whole HMWDOM (2.7 ± 0.6 and
1.3 ± 0.2 kDa for the 15 and 915 m samples). Figure 7 shows a
histogram of total carbon vs MW for APS and HS in each
sample. From the MW distributions in these two samples, we
discuss possible pathways through which APS and HS are
degraded.
The APS from the 15 m sample had an average MW of 6.1 ±

0.8 kDa, and an average degree of polymerization (DP) of 35
sugars, assuming a monosaccharide content of ∼50% N-acetyl
sugars.69,79,80 At 915 m, the APS MW decreased to 3.1 ± 0.3
kDa, equivalent to DP−18. Previous studies of APS found that
the relative abundance of major neutral sugars did not shift
substantially with depth, suggesting the polysaccharide from
each depth has a similar composition.43,54 The MW of APS
decreases with depth, and the MW distribution at each depth

Figure 4. 1H NMR spectra of select MMC fractions. Fraction 2 (18−
19 min, light purple), Fraction 5 (21−22 min, dark purple), and
Fraction 8 (24−25 min, black), illustrate the compositional changes
that occur throughout the chromatography. Spectral intensities are
normalized at 3.3 ppm. Peaks at 3.5 (HC-OD) and 2.0 (N-acetyl)
ppm are attributed to APS while the broad signals at 2.2 and 1.5 ppm
are attributed to HS. The peak at 1.2 ppm includes contributions from
both APS (CH3 in 6-deoxy-sugars) and HS. The chemical shifts are
referenced to the water peak at 4.70 ppm (*).

Figure 5. DOSY spectra of MMC fractions 2 (18−19 min, light
purple), 5 (21−22 min, dark purple), and 8 (24−25 min, black), from
15 and 915 m HMWDOM. Diffusivity is plotted on the vertical axis.
A lower diffusivity corresponds to a higher MW. MW was calculated
from the diffusivity values measured at 3.38 and 2.20 ppm for the APS
(shaded regions) and HS components, respectively. The chemical
shifts are referenced to the water peak at 4.70 ppm (not shown).
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displayed a normal distribution (Shapiro-Wilk: W = 0.85, p >
0.05 for the 15 m sample andW = 0.86, p > 0.05 for the 915 m
sample). At least two diagenetic pathways could explain the
observed trends: A steady, continuous degradation mechanism,
such as the continual hydrolysis of terminal sugars by
exoenzyme activity, would result in a decrease in average
MW without a change in the span of the MW distribution, as
all of the polysaccharides in the APS mixture would decrease in
MW at a similar rate.30 Conversely, the decrease in MW with
depth, coupled with the normal MW distribution could also be
explained by the complete removal of surface-produced APS
followed by replacement with APS produced at depth by
autochthonous chemoautotrophy and the dissolution of
sinking POC.81 If this second mechanism is dominant, it
suggests that the average MW of APS produced by these
mechanisms at depth is less than the average MW of APS
produced in the surface.
The minimum of APS MW plateaus at 3.5 and 2.1 kDa in

the 15 and 915 m samples, respectively, well above the
MWCO of the ultrafilter, suggesting there is minimal APS with
a MW lower than 2.1 kDa present in seawater in the upper
1000 m of the ocean. This result raises important questions
about the diagenesis of APS. Is 2.1−3.5 kDa a MW threshold
below which APS is rapidly remineralized, resulting in an
undetectable standing stock of APS with MW less than 2.1

kDa? While 2.1 kDa is above the 600−800 Da MW threshold
for cross-membrane transport, cells may use extracellular
enzymes to slowly break down APS to 2−3 kDa. At this point
glycan binding proteins on the cell membrane could bind APS
to the outer membrane, where further hydrolysis occurs with
little to no loss of the hydrolysis products back into the
environment.31,32,82−84 To test this, chemical hydrolysis could
be used to create APS with a MW less than 2.1 kDa and uptake
experiments could be performed to study the lability of
polysaccharides of different MWs.
HS in the 915 m sample has a narrow MW range (0.9−2.4

kDa) and displays a normal distribution (Shapiro-Wilk: W =
0.92, p > 0.05). In contrast, HS in the 15 m sample has a broad
MW range (0.9−6.4 kDa) that is not normally distributed
(Shapiro-Wilk: W = 0.81, p < 0.05). The broad MW
distribution suggests HS in the surface ocean can be
conceptualized as a mixture of higher MW HS (3.0−6.4
kDa) that is newly formed in surface waters, and a lower MW
(0.9−2.4 kDa) HS component that is supplied by vertical
mixing of surface and mesopelagic waters. As surface waters are
transported downward by deep mixing at high latitudes, the
newly formed, higher MW component of HS is degraded
decreasing the span of the MW distribution. If this scenario is
correct, then the radiocarbon value of surface water HS should
be correlated with its MW.
The absolute abundance of HMW HS (∼4 μM C) does not

change significantly between the 15 and 915 m samples. This
implies that HMW HS remineralization in the mesopelagic
ocean may be balanced by in situ production.
Little evidence of LMWDOM fouling was found in these

HMWDOM samples. Had fouling occurred, the MW of later-
eluting MMC fractions would have continued to decrease
below the MWCO of the filter, approaching the 300−600 Da
MW of DOM isolated by SPE. Given that the MW of HS
plateaued at ∼900 Da, it is likely that most of the retained
material should be classified as HMW. While some LMW

Figure 6. Average MW of HMWDOM APS (green) and HS (red) in
MMC fractions for the 15 and 915 m samples. Ve/Vo signifies the
ratio of the elution volume to the void volume of the column. Error
bars represent the uncertainty associated with the MW computation
and do not represent the MW range of each component. APS MW
was calculated using a pullulan standard curve, and HS MW was
calculated using a polystyrenesulfonate standard curve. The numbers
above the columns denote the collected fraction number. APS has a
higher MW than HS in all fractions, and both components decrease in
MW with increasing elution volume.

Figure 7. HMWDOM seawater concentrations (μmol C kg−1) of
different molecular weight classes for APS (green, left) and HS (red,
right) at 15 and 915 m.
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material may have cocollected in the UF fraction, a prior
report21 of abundant LMW HS in UF samples likely resulted
from either the low sensitivity for HMW compounds exhibited
by high-resolution mass spectrometers or the use of different
UF membranes that experience higher degrees of fouling. It is
unclear which explanation accounts for the findings of that
study.
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