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Abstract

Stable nitrogen isotopic analysis of individual amino acids (8'°N-AA) has unique potential to elucidate the complexities of
food webs, track heterotrophic transformations, and understand diagenesis of organic nitrogen (ON). While 3'°N-AA pat-
terns of autotrophs have been shown to be generally similar, prior work has also suggested that differences may exist between
cyanobacteria and eukaryotic algae. However, 8'°N-AA patterns in differing oceanic algal groups have never been closely
examined. The overarching goals of this study were first to establish a more quantitative understanding of algal 3'°N-AA pat-
terns, and second to examine whether 8'>’N-AA patterns have potential as a new tracer for distinguishing prokaryotic vs.
eukaryotic N sources. We measured 8!°N-AA from prokaryotic and eukaryotic phytoplankton cultures and used a comple-
mentary set of statistical approaches (simple normalization, regression-derived fractionation factors, and multivariate analy-
ses) to test for variations. A generally similar 3'°N-AA pattern was confirmed for all algae, however significant AA-specific
variation was also consistently identified between the two groups. The relative 5'°N fractionation of Glx (glutamine + glu-
tamic acid combined) vs. total proteinaceous N appeared substantially different, which we hypothesize could be related to
differing enzymatic forms. In addition, the several other AA (most notably glycine and leucine) appeared to have strong bio-
marker potential. Finally, we observed that overall patterns of 8'°N values in algae correspond well with the Trophic vs.
Source-AA division now commonly used to describe variable AA 8'°N changes with trophic transfer, suggesting a common
mechanistic basis. Overall, these results show that autotrophic 3'°N-AA patterns can differ between major algal evolutionary
groupings for many AA. The statistically significant multivariate results represent a first approach for testing ideas about rel-
ative eukaryotic vs. prokaryotic ON sources in the sea.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION detrital ON which can be characterized at the molecular

level (Hedges et al., 2001; McCarthy et al., 2007). This

Amino acids (AA) account for almost all organic nitro- makes AA the most comprehensive single compound class
gen (ON) in plankton and bacteria, as well as essentially all for the study of ON source and transformation in the sea.

The molar percentage composition (mol%) of AA has long
been used as a sensitive indicator for organic matter (OM)
degradation state (e.g., Cowie and Hedges, 1992; Dauwe
et al., 1999), however mol% patterns also typically have
limited source specificity (e.g., Cowie and Hedges, 1992).
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A CSI-AA pattern represents the sum of the isotopic
fractionations associated with the individual biosynthetic
pathways for each AA. In autotrophs 3'°N-AA values de-
rive primarily from transamination of each AA from the
central glutamate pool (e.g. Macko et al., 1986; Hayes,
2001). In heterotrophs (or detrital ON), the CSI-AA pattern
represents not only autotrophic source signatures, but also
subsequent alteration due to trophic transfer or microbial
resynthesis (e.g., Keil and Fogel, 2001; McCarthy et al.,
2004). Individual AA undergo characteristic 8'°N change
with trophic transfer, allowing trophic position (TP) to be
directly estimated and simultaneously decoupled from the
3'5N value at the base of food webs (Hare et al., 1991; McC-
lelland and Montoya, 2002; McCarthy et al., 2007; Popp
et al., 2007; Chikaraishi et al., 2009; Hannides et al.,
2009). In detrital organic pools, McCarthy et al. (2007) have
shown that 3'°N-AA patterns are generally well preserved,
and proposed that additional microbial alteration to 8'°N-
AA patterns can constitute a broad new index for the extent
of microbial synthesis (XV parameter). Together, these as-
pects suggest important paleoceanographic potential. In
deep-sea gorgonian corals, for example, 8'°N-AA patterns
have recently been used to decouple shifts in NO; 8'°N val-
ues from possible food web shifts over millennial time scales
(Sherwood et al., 2011).

All these potential 8'°N-AA applications are implicitly
based on understanding 8'°N-AA patterns in ocean algal
sources. To date, however, relatively little 5°N-AA data
has been published for oceanic phytoplankton. Prior work
reporting 8'°N-AA for algae has mostly focused on the
development of TP estimates and so has focused only on
the general similarity of autotrophic 8'°N-AA signatures
(McClelland and Montoya, 2002; Chikaraishi et al., 2009).
However, McCarthy et al. (2007) also noted differences in
8'°N-AA patterns between limited existing marine cyano-
bacterial data (Macko et al., 1987) vs. eukaryotic algae,
leading them to hypothesize that fundamental metabolic dif-
ferences between prokaryotic vs. eukaryotic algae might be
reflected in 8'°N-AA signatures. If these patterns could be
used to distinguish algal sources, this would represent a ma-
jor expansion of 8'°N-AA biogeochemical potential. In par-
ticular for open ocean systems, the ability to differentiate
between prokaryotic vs. eukaryotic particulate ON and dis-
solved ON contributions could be a key new tool for
addressing questions about the relative roles of algal groups
in exported production (Richardson and Jackson, 2007), or
as sources for dissolved or particulate ON (McCarthy et al.,
1998). If 3'°N-AA signatures are also generally well pre-
served in paleoarchives (Sherwood et al., 2011), this might
also lead to a key tool for paleoceanographic applications.

Therefore, the first goal of this paper is to develop a
more quantitative understanding of autotrophic '°N-AA
patterns in marine algae and to explore specific 8'°N value
offsets observed. Second, no prior study has directly exam-
ined the source-tracer potential of 8'°N-AA patterns, de-
spite the demonstrated tracer potential of AA 3'*C values
(e.g., Scott et al., 2006; Larsen et al., 2009). A further objec-
tive is therefore to explore if 8'°N-AA patterns can act as
an algal source tracer, specifically to distinguish prokary-
otic vs. eukaryotic ON. We compared the §'°N-AA

patterns from twelve phytoplankton cultures, about evenly
split between cyanobacteria and eukaryotes, using a pro-
gressive set of statistical approaches. Our results show diag-
nostic differences between prokaryotic and eukaryotic algal
groups, which we suggest, may provide a foundation for a
new approach to tracing ON sources in the sea.

2. METHODS
2.1. Phytoplankton cultures

Twelve phytoplankton batch cultures (seven cyanobac-
terial and five eukaryotic species) were grown in environ-
ment chambers according to conditions summarized in
Table 1. Amphidinium carterae, Pseudo-nitzchia multiseries
and an unidentified Raphidophyte were isolated from Mon-
terey Bay, California by the Kudela Lab group (University
of California, Santa Cruz); all other cultures were pur-
chased from the Center for Culturing Marine Phytoplank-
ton (CCMP or the American Type Culture Collection).
The Cyanothece sp. was grown independently under two
conditions; first with NO; excluded from the f/2 media to
induce N, fixation (referred to as Cyanothece sp. (N;) in
the text), and second with nitrate (referred to as Cyanothece
sp. (NOy) in the text). Trichodesmium erythaeum was grown
on YCB-II media without added N sources. Cultures were
grown at either large volume (200 L; due to collaboration
with a joint project) or small volume (1 L). The small vol-
ume Synechococcus sp. culture was grown and analyzed in
duplicate. All large-volume cultures were grown in barrels
lined with Hyclone gamma-sterilized tank liners in environ-
ment chambers, and constantly circulated using filtered,
bubbled air. With the exception of Thalassiosira pseudonana
and T. erythaeum (which were grown on f/2 and YBC-II
artificial seawater media respectively) all 1 L cultures were
grown on media prepared from filtered and sterilized sea-
water with added nutrients suited to each organism.
Growth for all cultures was monitored with fluorescence,
and cells were harvested during exponential growth. Cells
from larger cultures were harvested using tangential-flow
hollow-fiber microfiltration (500 KD or 0.1 pum membranes;
(Roland et al., 2008) and concentrated to ~1 L final vol-
umes. Cells in 1 L cultures were concentrated by centrifuga-
tion and then pelleted for lyophilization and hydrolysis.
Cultures were not axenic, however, bacterial abundance
was checked in final cultures via flow cytometry (Kudela
Lab), and bacterial biomass was always <1% of total bio-
mass, indicating insignificant bacterial contribution to total
AA pool we measured.

2.2. Chemical and isotopic analyses

All isotopic analyses were performed at the UCSC Sta-
ble Light Isotope Facility (http://es.ucsc.edu/~silab/
index.php).

For bulk stable isotopic analysis approximately 1 mg of
lyophilized cells was ground and pelletized in tin capsules,
and analyzed for 8'°C and 3'°N values. Samples were
analyzed on a Carlo Erba 1108 Elemental Analyzer linked
to a ThermoFinningan Delta™ XP mass spectrometer;
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Table 1

Phytoplankton strains and growth conditions. Cultures without a strain number were isolated from Monterey Bay, CA by the Kudela lab
group (University of California, Santa Cruz). CCMP = Center for Culturing Marine Phytoplankton, ATCC = American Type Culture
Collection. Media, volumes, light conditions and temperature (temp) refer to growth conditions described in Section 2.

Organism Strain # Type Final Light/dark Light intensity Temp  Media Media reference
vol. (L)  cycle (hr) (uE/m2s) (°C)
Synechococcus CCMP  Cyanobacteria 1 12/12 40-60 22 SN Waterbury et al.
sp. 2515 (1986)
Prochlorococcus  CCMP  Cyanobacteria 1 12/12 20 18 Pro99 Chisholm
marinus 2939 unpublished
Trichodesmium IMS Cyanobacteria 1 12/12 50-60 26-27  YBC-II Chen et al. (1996)
erythaeum 101
Thalassiosira CCMP  Diatom 1 14/10 100-200 16 Instant ocean +  Guillard and
pseudonana 1015 /2 Ryther (1962)
Amphidinium - Dinoflagellate 200 14/10 100-200 16 Instant ocean +  Guillard and
carterae /2 Ryther (1962)
Unknown - Raphidophyte 200 14/10 100-200 16 Instant ocean +  Guillard and
Raphidophyte /2 Ryther (1962)
Pseudo-nitzchia — — Diatom 200 14/10 100-200 16 Instant ocean +  Guillard and
multiseries /2 Ryther, (1962)
Skeletonema CCMP  Diatom 200 14/10 100-200 16 Instant ocean +  Guillard and
marinoi 1332 /2 Ryther (1962)
Synechococcus PC 7002 Cyanobacteria 200 14/10 100-200 16 Instant ocean +  Waterbury et al.
sp. SN (1986)
Cyanothece sp. ATCC Cyanobacteria 200 14/10 100-200 16 Instant ocean +  Guillard and
51142 /2 Ryther (1962)
Cyanothece sp. ATCC Cyanobacteria 200 14/10 100-200 16 Instant ocean +  Guillard and
51142 f/2 - NOj3 Ryther (1962)

analytical error associated with this measurement was typ-
ically <+ 0.15 %,.

Compound-specific 8'°N values for each AA were deter-
mined following hydrolysis using triflouroacetyl/isopropyl
ester (TFA) derivatives, after previously published proce-
dures (e.g., McCarthy et al., 2007). Briefly, lyophilized
plankton (equivalent to 500-1000 ug of organic carbon)
was hydrolyzed using 6 N HCI for 19 h at 110 °C. Samples
were evaporated to dryness under a stream of N,, and
stored in a vacuum desiccator overnight. Individual AA
were converted to TFA derivatives according a modified
protocol after Silfer et al. (1991), and 8'°N values measured
via GC-IRMS on a Thermo Trace Ultra GC, fitted with a
Agilent DB-5 column (50 m, 0.5 mm ID; 0.25 uM film).
Each sample derivative was injected in quadruplicate, with
an associated analytical error of typically ~19,. More de-
tailed descriptions of derivative protocols and chromatog-
raphy conditions, including error corrections, are included
in Electronic Annex.

Under our analytical conditions, 8'°N values were deter-
mined for the following AA: alanine (Ala), glycine (Gly),
serine (Ser), valine (Val), threonine (Thr), leucine (Leu), iso-
leucine (Ile), proline (Pro), phenylalanine (Phe), and lysine
(Lys). During acid hydrolysis the terminal amines in gluta-
mine (Gln) and aspartamine (Asn) are cleaved, converting
Gln to glutamic acid (Glu) and aspartamine (Asn) to aspar-
tic acid (Asp). This results in the measurement of a com-
bined GIn + Glu pool and a combined Asn + Asp pool,
which are termed Glx and Asx respectively. While tyrosine
and arginine were chromatographically separated, accurate
3'°N values could not typically be obtained (due to either
small peak sizes or coelution), and so their values are not

included in the data set. In several samples an accurate va-
lue could also not be determined for Lys due chromatogra-
phy issues and/or low concentration in the sample.

The 8'°N value of total hydrolysable AA’s (8'°Nrpaa)
is used as a proxy for total protein 3'°N value, and was esti-
mated as the molar-weighted average of individual 3'°N
values:

8" Nrpaa = Z(SISNAA -mol%aa) (1)

where 8!°Na 4 is the 8'°N value of each individual AA mea-
sured and mol%a 4 is the molar percentage contribution of
each AA. The mol%aa for each sample was determined
simultaneously with AA 8'°N values based Mass 28 re-
sponse (area) from the GC-IRMS, using response factors
derived from repeated injections of the AA external stan-
dard mixture described below (the response of Mass 28 area
vs. peak size was tested over the range of our sample peaks
and found to be strongly linear; Lehman, 2009).

2.3. Statistical approach and analyses

We used a complimentary set of approaches to explore
3'°N-AA patterns in eukaryotic vs. prokaryotic algae. All
statistical analyses were conducted using the JMP statistical
software package (SAS Inc., Version 7). All AA data was
organized relative to GIx, since this is the common precur-
sor for N in most other AA.

First, to compare 3'°N-AA patterns to those in the liter-
ature (as well as between different cultures) normalization is
required. Previous studies have typically normalized data to
a single AA (e.g., Macko et al., 1987; McClelland and Mon-
toya, 2002; Chikaraishi et al., 2009). However, this type of
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normalization is prone to error since the resulting 8'°N-AA
pattern is shaped by a single measured value (McCarthy
et al., 2007; Hannides et al., 2009). This method also ob-
scures variation in whichever AA is chosen for normaliza-
tion. Therefore, we first examined 8'°N-AA patterns
normalized to &N of total hydrolyzable protein
(3'°Npa4), thus removing variation in total 3'°N between
different algae.

Second, we used linear regression to estimate biosyn-
thetic fractionation explicitly for each AA vs. GIx. Since
Glx is the source for almost all N in the other AA, we
hypothesize that this approach can more accurately reveal
differences between algal groups. We followed an approach
previously applied in both animals and microorganisms
(e.g., Jim et al., 2006; Scott et al., 2006), which uses linear
regressions of metabolic precursor vs. product to test as-
sumed relationships. In this experimental design, the i is
interpreted as a measure of overall metabolic similarity: a
high +* would indicate all organisms tested have the same
8'°N fractionation between precursor and product, imply-
ing similar metabolic pathways. The slope indicates N flow,
or put another way, how much N in the product (AA) came
from the precursor. For example if all N in the product
originated from the precursor, then a slope of 1 would be
expected. Finally, the y-intercept represents an estimate of
the 8'°N fractionation between Glx and each AA produced
from Glx. We refer to this value as a fotal fractionation
coefficient (&or). This would include the enzymatic 3N
fractionation (more traditionally defined as a € value, or
enzymatic fractionation coefficient), but also the effects of
relative N flux through any potential branch points in lar-
ger biochemical networks (Hayes, 2001). Importantly,
regression results across multiple cultures are therefore
independent of any specific organism or growth condition.

We used principle components analysis (PCA) to test
hypotheses about which normalizations can best separate
algal lineages, as well as to look for more broad-based
5'°N-AA differences between groups. Multivariate analysis
can identify simultaneous change in multiple variables,
highlighting underlying patterns in large data sets that are
not apparent by other methods. For AA data specifically,
this has proven key to understanding complex AA concen-
tration and mol% data and for identifying patterns tied to
OM degradation, ecosystem type, and AA sources (e.g.,
Dauwe et al., 1999; Ingalls et al., 2003; Yamashita and
Tanoue, 2003). We only explicitly considered PCs which
had an eigenvalue >1, because these encompass more
variation then the original variables in the data set. For
example, if an analysis requires 5 PC’s to explain 100% of
the variation, and only the first 3 PC’s have eigenvalues
>1, those are the only PC’s considered. The significance
of domain separations indicated by PC score data was
tested by one-way analysis of variance (ANOVA).

Finally, discriminant function analysis (DFA) was ap-
plied to non-normalized 8'°N-AA values. PCA and DFA
differ primarily in that PCA identifies major patterns of var-
iability in an overall data set, without any preconception. In
contrast, DFA is a predictive tool based on assigned group
identities, and so can identify which variables are most
responsible for differentiating specified categories. The

two approaches are therefore complementary. Due to the
large number of AA 5'°N values generated for each sample,
the sample set did not have sufficient degrees of freedom to
allow DFA analysis of all AA’s simultaneously (a maxi-
mum of eight could be used). Therefore DFA was per-
formed on AA sub-categories Source AA, Trophic AA,
“non-fractionating AA” (NF-AA) and “fractionating
AA” (F-AA) which are described below. However, the
“stepwise variable selection” tool in JMP (version 7) was
also used to identify the subset of 8 AA most diagnostic
for separating cyanobacterial vs. eukaryotic sources. Addi-
tional background information on PCA and DFA can be
found in the Electronic Annex.

3. RESULTS
3.1. 5'5N-AA patterns

A table of 8!°N values for each AA measured is pro-
vided in the Electronic Annex (Table EA-1). After normal-
ization to 8'°Nypaa, the 8°N-AA pattern for most AA
was similar between eukaryotes and cyanobacterial phyto-
plankton (Fig. la). However, for Glx and Phe the mean
normalized 3'°N values were statistically offset between
the algal domains (students 7-test, GIx offset = 2.43 with
a p-value =0.007, Phe offset of 2.729, with a p-va-
Iue = 0.039). Pro also had a fairly large offset in average
normalized 5'°N values (1.989,). Since average Pro values
also had large variability between samples, this was not sig-
nificant at the 95% confidence threshold (students 7T-test). It
should be noted that due to possible type-I errors caution is
required for such comparisons. However, the T-test results
suggest real differences between algal lineages for at several
AA. Finally, a substantial range in the variation (o values)
was found for the mean values of different AA. The 1—a
values ranged from +0.5 to +49,, and were consistently
higher than analytical variation (~19%, or less) for only
some AA. In almost every case the 1—o values for the same
AA in both prokaryote vs. eukaryote sub-groupings are
essentially identical (Fig. la), suggesting this is a reflection
of real variability in biochemical pathways for specific AA,
and not analytical variation.

The 8" Ntpaa results, coupled with the expectation of
Glx as the primary source of N for other AA, suggests that
offsets in individual AA §'°N values vs. Glx might better re-
veal differences between the domains. Table 2 and Fig. 1b
detail linear regression results for 8'°N value of each AA
vs. GIx across all cultures. Uniformly high correlations
were found for all samples (average > for all comparisons
0.88 + 0.05), and all slopes were nearly equal to 1. Testing
the groups separately using analysis of covariance showed
that with the exception of Ser, all linear relationships had
no statistical difference in slope (data not shown). The uni-
formly high r* values observed across the combined data
indicate that, as expected, all algae process and fractionate
AA N in a generally similar manner. Further, the fact that
slope values are always close to unity suggests that each AA
received most N from Glx, again as we would predict. To-
gether, these results confirm that the regression approach
and interpretational framework are sound.
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When eukaryotic algae and cyanobacteria were analyzed
separately, the regression results were generally stronger for
the eukaryotic group (average *=0095 + .04 and
0.88 £+ 0.06 for eukaryotic algae and cyanobacteria respec-
tively). This may reflect the much more diverse metabolic
abilities of prokaryotes. In addition, for Pro, Gly, Ile and
Leu the strength of the correlation improved markedly
when eukaryotic and cyanobacteria groups were analyzed
independently, suggesting differences between the lineages
for these AA. The y-intercept values, representing total
fractionation coefficients vs. Glx 8'°N (which we discuss
as &, values) were also consistent with specific differences
between algal groups. While most of the ¢, values
determined independently for the eukaryotic algae and cya-
nobacteria groups were identical within error (1—o0), for
Gly, Leu and Thr there were significant differences (outside
of 1—a) of 7.7, 4.2 and 3.59, respectively. In each case, the
cyanobacteria g, value was higher than corresponding
eukaryotic g, value.

3.1.1. Amino acid groupings vs. Glx (fractionating vs. non-
fractionating AA)

A main feature of both normalized and regression data
was a division in offset of 8'°N-AA values relative to Glx
31N values. Two general AA groupings were apparent,

but the groupings were most apparent in the g, data
(Fig. 1b). One group of AA (Asx, Ala, Val, Pro, Thr) al-
ways displayed no significant 8'°N offset vs. Glx for either
prokaryotes or eukaryotes (within 1-¢). In the discussion
below these are therefore referred to as the “non-fractionat-
ing” AA group (NF-AA). A second group (Leu, Ser, Ile,
Lys) always have lower 8'°N values vs. Glx (outside 1—0)
and also have substantial variability in ¢ values. We refer
to these as the “fractionating” AA group (F-AA). Finally,
two additional AAs (Phe and Gly) might be described as
having intermediate behavior, with values apparently
strongly linked to prokaryote vs. eukaryote groupings.
The average 3'°N values for Phe and Gly for all data is low-
er vs. Glx, however for Gly the &, values show the greatest
divergence of any AA between the two domains (Table 2,
Fig. 1b). For Phe, as noted above, in the 8'°Nygas normal-
ized data there was also a statistically significant difference
between prokaryotes and eukaryotes, with the offset similar
to that observed for Glx between the two domains.

3.2. Multivariate analyses
Results from the PCA for all AA’s are given in Table 3,

including eigenvalues and loadings for both the normaliza-
tion to 8'°N of Glx and to 8"’ Nygaa.
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3.2.1. PCA: GIx 6"°N vs. 8’ Nyy 44 normalization
~ O o < A Oy PCA analysis provides a direct means of testing the
é § é §, § § § ér § hypothesis that data normalization to Glx can more effec-
Scoocococococoo tively separate algal lineages. The two normalizations pro-
duced very different results (Fig. 2). When normalized to
PR - RS the 3'°N of Glx, PCA yielded three PCs (eigenvalue >1),
el BRI with PCI1 alone explaining 47% of the total variation in
HAHosanes the data. The PC scores indicated clear and statistically sig-
5 'g 3 ﬁll c" 6'1 71 'llv i nificant separation of the two domains along PC1 (ANO-
VA p=0.0092), with the sole exception of P. marinus.
- Domain separation is also clear in the combined biplot
g g f E 22 2 § 9z for PC1 vs. PC2. The uniformly positive AA loadings with
HHHHHHHHHH nearly equal values for PC1 (displayed as text abbreviations
E5828RR8] in Fig. 2) indicate that as PC1 increases, so do all other AA
meTmeTesee—<S 8'°N values, strongly suggesting that PC1 is related to the
Glx 8"°N value.
S 8“ 28 %’ &‘ 5‘\_‘ X 2 %‘ In contrast, PCA with 8'°Nryaa normalization could
ceecslsisess not separate the domains on the first two PCs. The analysis
yielded 4 PCs with eigenvalue >1, which collectively ex-
N plained 82.5% of variation within the data (Table 3). PCI
SZoSX=z857 d PC2 collectively explained 54% of total variation, h
S=2s838353 an collectively exp. al_ne o of tota vquatlon,_ Oow-
D e e e e e ever there was no separation between domains on either.
Weaker, but still significant, domain separation was found
BLLELwD - on both lower order PCs (Fig. 2; PC3 and PC4; p = 0.045
Camem =S == and 0.038 respectively, Table 3), again with P. marinus as
iy ﬁ iy j W ﬂ j j a sole exception. The AA loadings were also much more
A pei NI RN AN variable compared to those observed with on PC1 with
s b GIx normalization, however GIx had one of the strongest
positive loadings, suggesting a major influence in these sep-
Ty =XI28=E2YQ arations. Together, these data indicate that Glx 85N nor-
S oo oo ocoocoe : : 15
RTRETITITINTINTINTINTINY md]lZdt.IOIl. is much more eﬁ"ectlve. vS. 0 "NtHaA
3284855 =8 normahzaltlon at separating algal domains, and also that
O NS =S = = the Glx 3'°N value itself may be offset.
= %‘ T3 g‘ g‘ g‘ LW 3.2.2. PCA of AA categories
celscssldslacs S PCA was also performed independently on AA sub-
groups (Table 4). However, following from results above,
T only 8'°N-Glx normalization was used.
(el el elelelol ol 2"
£83338883888
NVAVAVAVAVAVAVAvVAY 3.2.3. F-AA (fractionating) vs. NF-AA (non-fractionating)
groups
N~ If F-AA vs. NF-AA groupings are a universal division in
ST Z222z-C 2 algal 8'°N-AA patterns, it seems plausible these might also
oo HHAAHHH A be important in distinguishing sources. PCA yielded one PC
HHoono =9~ . . . .
IR e B with an eigenvalue >1 in both groups, which alone ex-
QeS¢ . e .
s<s b plained over 50% of the total variation in both cases
(67% for NF-AA; 51% for F-AA). ANOVA of PC1 scores
Nv—-monxoe-TQ also showed significant separation for both groupings with
S cSsccssSS similar p values (NF-AA, p=0.0157, F-AA p =0.0186),
j ,ﬂ j ,—i j i j j i j, and AA loadings on PCI1 were all positive and nearly equal
—_ O QNN OO O QO
= = I = N (Table 4).
3.2.4. Trophic-AA vs. source-AA groups
o o o ¥ o O o PCA was also used specifically to test separation for the
2= ’;’ g‘ 2‘ i Trophlisc Vs. SOllll”CC AA groups cgmmqnly di.scussed in cur-
rent 6 °N-AA literature (see detailed discussion below, Sec-
tion 4.3). For the Trophic-AA, PCA of Glx §'°N
° normalization yielded two significant PCs, which alone ex-
§D plained over 80% of variation in the total data (Table 4).
— — " »n O . o
S §| = é’ 51&’ §| a3z Separation on PC1 was very strong (p = 0.0018), although
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PCA results for all amino acids. PCA results for data normalized to both 8'*Npyaa and 8'5N of Glx. For each PC with an eigenvalue >1,
eigenvalues, percent of variation explained (%), cumulative variation explained (Cum.%) are listed, along with the PC loadings (eigenvectors)
for each AA. The subscript “tr” denotes the “Trophic” AA group. ANOVA indicates the p-values resulting from the analysis of variance
between sample PC scores. Significant ANOVAs (indicating significant domain separation on that PC) are labeled with (*) and loading data

for those PCs are bold.

Normalization 8" Nipaa 5N Glx
PC 1 2 3 4 1 2 3
Eigenvalue 3.39 2.56 1.77 1.36 4.65 1.98 1.50
% 30.81 23.24 16.05 12.36 46.52 19.76 14.95
Cum. % 30.81 54.05 70.10 82.46 46.52 66.27 81.23
PC loadings
Glxy, 0.11 —0.09 0.53 —0.40 - - -
AsXy, 0.49 —0.21 0.02 0.16 0.39 —0.34 —0.16
Alay, 0.15 0.39 -0.35 —0.13 0.36 —0.06 0.24
Val, 0.50 0.00 —0.11 —0.16 0.25 —0.56 0.05
Pro, 0.07 0.42 0.02 0.43 0.33 0.02 0.37
Thr 0.05 —0.55 —0.04 —0.16 0.30 0.00 —0.55
Phe -0.19 0.10 0.59 —0.05 0.20 0.48 0.17
Gly —0.47 —0.15 —-0.21 —-0.23 0.19 0.45 —0.32
Ile, 0.35 —0.17 0.28 0.32 0.41 —0.13 —0.11
Leu,, —0.30 —0.17 0.15 0.61 0.36 0.30 —0.20
Ser 0.03 0.48 0.31 -0.19 0.28 . 0.16 0.54
ANOVA 0.9850 0.6199 0.0454" 0.0380" 0.0092 0.7205 0.9872
Normalized to §'°N Glx Normalized to &'*Nrpan
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Fig. 2. PCA biplots for Glx vs. '*>N-THAA normalizations. Combined biplots of PCA sample scores (symbols) and individual AA loadings
(text abbreviations). In both panels only the PC’s which yielded separation between prokaryotes and eukaryotic algae are shown. (a) Glx 8'N
normalization, PC1 vs. PC2 and (b) 8'SN-THAA normalization, PC3 vs. PC4, the lower order PC’s which yielded significant separation. PC
sample scores for eukaryotes = triangles, and for cyanobacteria = diamonds. A4 loadings are denoted by the AA text abbreviations (as
defined in text), and are scaled to match the axis of PC scores. The regions of significant separation for each group are emphasized by dashed
ovals. As noted in the text, P. Marinus (indicated by the open diamond symbol) is the only prokaryote that did not group with the others.

again with the exception of the P. marinus sample (Fig. 3b).
All AA’s on PCI again had nearly equal positive loadings.
The PCA for the Source-AA yielded two PCs with eigen-
values >1, explaining roughly 70% of total data variation
(Table 4). However, in contrast with the Trophic AA
group, separation of the domains was not significant on
any PC. Overall, the much stronger separation for the Tro-
phic-AA group seems consistent with the importance of Glx
8'°N values noted above, since Glx 8'°N values are most

directly expressed in the Trophic-AA. However, the very
different result for the Source-AA is consistent with the
presence of additional particularly diagnostic AA (e.g.,
Leu, Ile) in the Trophic-AA.

3.2.5. DFA results

DFA results (eigenvalues, canonical coefficients and
scores, and tests of significance for domain separation)
are shown in Table 5. As noted above (Section 2) due to
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Table 4

PCA results for amino acid groupings. Results of principal component analysis for data normalized to 8'N of Glx), for the “non-
fractionating (abbreviated NF-AA in text)” vs. “fractionating (abbreviated F-AA in text),” and also the Source-AA and Trophic-AA
groupings. As in Table 3, only data for each principle component with an eigenvalue >1 is shown. Other abbreviations are as in Table 3; AA

abbreviations are as defined in text.

Trophic Source Non-fractionating Fractionating
PC 1 2 1 1 2 1 2
Eigenvalue 3.73 1.08 1.91 1.17 2.69 0.69 3.08 1.19
% 62.21 17.94 47.70 29.28 67.15 17.34 51.32 19.83
Cum. % 62.21 80.15 47.70 76.98 67.15 84.49 51.32 71.15
PC loadings
Glxq,
Asxy 0.48 -0.22 0.55 —0.35
Alatr 0.40 —0.02 0.49 0.38
Val, 0.36 —0.68 0.51 —0.56
Proy, 0.38 0.19 0.45 0.65
Thr 0.46 —0.59 0.41 —0.51
Phe 0.56 0.34 0.36 0.44
Gly 0.55 —0.35 0.38 —0.24
Ile,, 0.47 0.11 0.45 —0.05
Leuy, 0.35 0.67 0.51 —0.09
Ser 0.42 0.65 0.30 0.69
ANOVA 0.0018" 0.6150 0.2518 0.8511 0.0157" 0.706 0.0186" 0.827

limitations of degrees of freedom vs. sample number, DFA
could not be performed with all AA, but was tested instead
on the AA groups discussed above. The DFA of the Tro-
phic-AA showed by far the best separation (statistical sig-
nificance at 94% confidence threshold; Pillai’s Trace
p =0.0577). The canonical scores differentiated prokary-
otes vs. eukaryotes, with canonical scores of cyanobacteria
generally more positive than the eukaryotes. In contrast,
for DFA of the Source-AA, NF-AA and F-AA groups sep-
aration was not statistically significant. Closer examination
of the canonical coefficients for the Trophic AA shows that
Glu and Asx had strong negative contributions to the
canonical variable, while Ile, Leu and Val had strong posi-
tive contributions. Finally, the DFA “stepwise” variable
selection tool in JMP was used to identify the following
subset of AA (out of all possible linear combinations) as
producing the most significant domain separation: Glx,
Asx, Ala, Val, Pro, Leu, Gly and Phe. The canonical scores
derived from DFA with these AA correctly classified all
samples as prokaryotes or eukaryotes (statistically signifi-
cant; Pillai’s Trace p = 0.0317).

4. DISCUSSION

Understanding the autotrophic 8'°N-AA signatures is
critical for many rapidly evolving ocean CSI-AA applica-
tions: in particular, determining the extent of 3°N-AA var-
iability in main algal groups underlies development of
possible new tracers, and also for quantifying the effects
of diagenetic alteration. A central hypothesis is that overall
3'°N-AA patterns can differentiate proteinaceous material
from prokaryotic vs. eukaryotic algal sources, so we discuss
our results primarily in terms of these broad groupings. For
simplicity, these algal lineages will be typically referred to as
“domains”, although we note that we are here comparing

cyanobacteria (a distinct subset of Eubacteria), with several
differing types of single celled eukaryotic phytoplankton.
Finally, we note that it is also possible that 8!°N-AA pat-
terns at the individual species level contain further diagnos-
tic variation. However, discussion at the species level is
beyond the scope of this work, since in most cases we have
only a single culture for each species, and possible effects of
variable growth conditions were not specifically controlled.

4.1. Marine algal 8'N-AA patterns

Past work has used only simple normalization to com-
pare 3'°N-AA patterns, and the overall similarity between
the 8'°Nruaa-normalized patterns we observe (Fig. 1a) is
consistent with most past data (e.g., Macko et al., 1987;
McClelland and Montoya, 2002; McCarthy et al., 2007).
As noted above, a main feature is a the clear division in rel-
ative 8'°N fractionation vs. Glx, with about half the AA
having 8'°N values statistically indistinguishable from
Glx, while the others show increasingly depleted values.
To our knowledge, Macko and coauthors’ data for a cya-
nobacterium (Anabaena sp.) represents the only prior study
to analyze in any detail relative AA 8'°N values of a pro-
karyotic marine alga (Macko et al., 1987). Because trans-
amination strongly fractionates >N (Macko et al., 1986),
these authors proposed that 3'°N offsets vs. Glx resulted
from the transamination reaction (Macko et al., 1986).
Therefore, the variable (but highly reproducible) ¢, values
we observe presumably derive from the combined effects of
enzymatic € values, pathway branch points, and relative N
flux (e.g., Hayes, 2001).

The main features of the published Anabaena data are in
fact similar to our results for most AA: Asx, Ala, Val, Thr,
Pro (and sometimes Phe and Gly) are within 1-29, of Glx
in both data sets, while Leu, Ser, Ile, Lys are significantly
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Fig. 3. PCA biplots for AA groupings. Combined biplots compare PCA scores and AA loadings for (a) NF-AA, (b) Trophic-AA, (c) F-AA,
and (d) Source-AA groupings. All data are normalized to Glx 8'5N value. Only PC’s that yielded separation are shown (unless none were
found, in which case the two most significant PC’s are shown). As in Fig. 2, the AA scores for eukaryotes are represented by triangles, and for
cyanobacteria by diamonds, for P. Marinus by the open diamond; loadings are represented by AA text abbreviations (as defined in text), and
were scaled to match the axis of PC scores. Regions of significant separation for each group are emphasized by dashed ovals.

depleted vs. GIx. In both data sets, Ser is one of the most
31°N depleted AA, which Macko et al. (1987) attributed
to a secondary synthesis pathway. One significant exception
is Asp, which had substantially higher '*N values vs. Glu in
the reported Anabaena cultures. These higher 3'°N Asp val-
ues contrast with both our data and also with more recent
Phe-normalized algal data (Chikaraishi et al., 2009), and we
therefore suggest this result may have been specific to the
Anabaena experiments. Overall, however, all these data sup-
port the expectation that a general similar 8'°N-AA pattern
is common for all autotrophic algae.

At the same time, however, the large and repeatable off-
sets in standard deviation (o values) observed for different
AA (Table 1; Fig. 1) also suggest that AA-specific meta-
bolic variability exist between the algal groups. For exam-
ple, for several AA (Asx, Ile, Leu) ¢ values are very close
to analytical variability (+19,), while in others (most nota-
bly Gly), variation is two to four times as great (Fig. 1).
While clearly additional data will be needed to confirm such
specific differences, we hypothesize that the large differences
in ¢ between AA point to diagnostic features of algal N
metabolism. First, we note that relative ¢ values are highly
consistent across our data for both prokaryotic vs. eukary-

otic groups. Second, similar variation (in particular the
large variation associated with Gly), has also recently been
observed in an independent Phe normalized data set (Chi-
karaishi et al., 2009). We hypothesize the underlying reason
for this characteristic variability may be metabolic N rout-
ing for different AA, since this can have large effects on
81°N values (e.g., Hayes, 2001).

Together these observations suggest that while algae
3'°N-AA patterns are generally similar, characteristic dif-
ferences between evolutionary groups also exist. It also sug-
gests that an “average” 3'°N-AA pattern for ocean primary
production must be ultimately defined by two key compo-
nents: (1) the mean 8'°N fractionations for each AA vs.
Glx, and (2) the characteristic variation for each AA be-
tween major algal groups. This implies that knowing AA-
specific ¢ values, and determining how strongly variation
is linked to specific algal types, will be important for precise
environmental applications. Finally, the characteristic 3'°N
offsets vs. GIx (which we have termed F-AA vs. NF-AA
groups here) also appears to be central feature of 8'°N-AA
distributions. The F-AA vs. NF-AA division therefore
likely represents a fundamental division in algal N meta-
bolic routing, broadly indicating the degree of coupling
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Table 5

Discriminant function analysis results. DFA results for the same AA groupings in Table 3, and also for the eight AA selected by the step-wise
JMP protocol to maximize model separation (“selected”). The percent variation (%) and canonical correction (canonical corr.) for each
analysis outcome is shown, along with the canonical score coefficient for each AA. “Pillai’s Trace” indicates the resulting p value from Pillai’s
Trace analysis of canonical scores (not shown). Significant results are denoted in bold. As noted in the text, for DFA analyses data is not

normalized.

Trophic Source Non-fractionating Fractionating Selected
Eigenvalue 9.79 0.60 1.11 2.37 4769.17
% 100 100 100 100 100
Cum. % 100 100 100 100 100
Canonical corr. 0.95 0.61 0.73 0.84 1.00
Canonical coefficients
Glxq -1.73 —0.55 19.62
AsXyp -3.23 0.37 38.98
Alay, —-0.31 0.00 3.56
Val,, 2.23 —0.03 —28.54
Proy, 0.08 0.24 —7.62
Thr —0.04 —0.13
Phe 0.46 0.78 9.33
Gly -0.22 0.16 2.12
Iley, 1.11 0.58
Leuy, 1.73 —1.09 —35.87
Ser -0.27 —0.39
Pillai’s trace 0.0577 0.4432 0.3645 0.2355 0.0317

(i.e., relative rates of synthesis and turnover) between each
AA with the central Glx N pool.

4.2. Differences between domains

We have hypothesized that eukaryotic and prokaryotic
algal 3'°N-AA patterns may be different enough to
distinguish proteinaceous sources. In fact, statistically sig-
nificant differences in 3'°N—-AA patterns between the do-
mains were apparent with every data analysis approach.
This overall result is consistent with recent work for
3'*C-AA patterns, which has shown that divergence in
AA metabolic pathways between major evolutionary
groups also results in diagnostic AA §8'*C value offsets
(e.g., Scott et al., 2004; Larsen et al., 2009). While spe-
cific results differed between statistical approaches we
used, taken together a number of common themes
emerged.

4.2.1. Offset in 6"’ N-Gix

An offset in the 8'°N value of Glx (Fig. la) was a main
factor contributing to statistical the separation of domains.
Given the basic biochemistry of N (Fig. 4), it is not surpris-
ing that a Glx 8'°N offset would broadly affect §'°N-AA
patterns. First, as noted above (Section 2), due to
hydrolytic deamination the Glx 3'°N value includes Glu
and Gln combined. GIn and Glu are expected to be in close
equilibrium, and both are central metabolic compounds for
N. Glu acts as the main N shuttle for protein synthesis,
donating and receiving amine groups through transamina-
tion (Fig. 4), while Gln acts as N storage molecule, and a
N source for nucleic acids and amino sugars (e.g., White,
2007). Therefore, any systematic offset in Glx 8'°N value
would be expected to propagate through the overall

3!°N-AA pattern, although to different degrees based on
subsequent fractionation.

These observations pose the question of why a system-
atic difference in Glx N fractionation might exist between
cyanobacteria and eukaryotic algae. One hypothesis sug-
gested by the literature is different forms (isozymes) of the
glutamine synthetase enzyme. Glutamine synthetase (GS)
is coded for by three distinct gene families (GSI, GSII
and GSIII; e.g., Chiurazzi, 1992), and the three resulting
isozymes are different in primary and tertiary structure,
and likely also in regulatory properties (Pesole et al.,
1995). A traditional view is that different GS forms are ex-
pressed in archaea, bacteria, and eukaryotes (Pesole et al.,
1995), although the ultimate phylogenetic expression may
also be more complex (Brown et al., 1994). We are unaware
of ¢ values reported for different GS forms, however differ-
ent enzyme subtypes have often been shown to have major
effects on stable isotope fractionation (e.g., RuBisCO sub-
types; Scott et al., 2004). An alternate mechanism might
also be related to differential N cycling and flux. As noted
above, the final 8'°N value of a metabolite is related not
only to its enzymatic fractionation, but also to its relative
N flux and pathway branch points (Hayes, 2001). Between
prokaryotic and eukaryotic algae, some possible related
factors here might include differential cell and/or genomes
sizes, characteristic differences in the relative amounts of
N excreted vs. cycled, or effects associated with membrane
bound organelles within eukaryotic phytoplankton (vs.
the lack of compartmentalization in prokaryotes). Overall,
although we can only hypothesize as to specific mecha-
nisms, the observation of a significant offset in the central
molecule for N cycling suggests broad potential to differen-
tiate cyanobacteria vs. eukaryotic algae based on 8'°N-AA
values.
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Fig. 4. Amino acid biosynthesis. Cartoon shows role of transamination in AA biosynthesis. Reactions with arrow crossing to the right
represent N being transferred from Glu to an a-keto acid; reactions with arrows crossing to the left represent N being transferred from the AA
to a-KG. Reactions shaded with light grey depict the transfer of N between Glu, Gln and 9-KG. The small number next to each arrow also
signifies the number of biosynthetic steps between molecules, excluding transamination reactions. Subscript numbers next to each AA
abbreviation represent the total number of synthetic steps for the carbon skeleton since last glycolyis intermediate. Abbreviations: a-KG = a-
ketoglutarate, PEP = phosphoenolpyruvate, E4P = erythrose-4-phosphate, 3PG = 3phosphoglycerate, aKB = a-ketobutyrate; all AA

abbreviations as defined in text.

4.2.2. Other specific AA differences

In addition to Glx, several other AA stood out as having
potentially important differences. Likely some are directly
related to the Glx 8'°N value, while for others divergence
in subsequent AA-specific pathways seems more plausible.
For example, Phe had one of the largest offsets the simple
8" Nraa normalized comparison (Fig. 1a), and was also
indicated as contributing to domain separation in most
multivariate tests (e.g., 3'Nruaa normalized data, step-
wise DFA results). We hypothesize that Phe follows relative
315N changes in Glx (as suggested by Fig. la), because Phe
receives an amine directly from Glu near the last step of its
synthesis (Fig. 4). Phe is of particular interest, because it a
key AA for TP calculations (McClelland and Montoya,
2002; Chikaraishi et al., 2009). If confirmed by further
work, a Phe offset in 3'°N-AA between prokaryotic and
eukaryotic phytoplankton might have important implica-
tions for detailed TP estimates in open ocean systems.
However, we also note that in previous comparisons (Chi-
karaishi et al., 2009) such differences were not observed.
However, this could be due to the choice of Phe for normal-
ization in these studies. Using Phe for normalization, by
definition, eliminates the ability to visualize variation in
Phe 8'°N values, as well as in any AA whose 8'°N values

may co-vary. In our data set, for example, using Phe nor-
malization would have also obscured the Glx offset. This
underlines an inherent issue in choosing any single AA as
a normalization parameter.

Gly, Thr and Pro also had 3'°N offsets between the do-
mains that were consistently different across different tests.
Gly and Thr in particular had large and significant differ-
ences in & values (approaching 8%, and 3.59,, respectively;
Fig. 1b). Since these &, values derive from regressions
across multiple cultures, this result suggests such differences
were highly consistent among the species we examined. The
8%, Gly offset in ¢, was by far the largest noted, consistent
with results from the stepwise DFA. Although it is not clear
why Gly should differ between domains, for some cyano-
bacteria Gly may be involved in a photorespiratory C2
pathway, such that Gly derives from both Ser (the typical
pathway) and also glyoxylate, coincident with a generally
higher cellular demand for Gly in prokaryotic algae (Eisen-
hut et al., 2006). Gly also can be synthesized from Thr via
Thr-aldolase, which is additionally linked to peptidoglycan
biosynthesis in bacteria. Both peptidoglycan and Thr share
a common precursor (B-aspartate-semi aldehyde; Fig. 4) at
a metabolic branch point, so Thr 35N value might be ex-
pected to be linked to the relative flow of these metabolites



M.D. McCarthy et al./ Geochimica et Cosmochimica Acta 103 (2013) 104120 115

a

o A))

Canonica2

4 I : ,

-12 -10 -8

T . -
6 -4 -2

Canonical1

0-

Canonica?

O R0

-4 T 1

0 35 70

T T
105 140 175

Canonicall

Fig. 5. Biplots of DFA results for selected AA groupings. Biplots of DFA canonical scores for (a) the Trophic AA group, and (b) the “step-
wise” JMP protocol, which selected eight AA to maximize model separation. Domain separation was statistically significant (via ANOVA) for
both; Trophic-AA group at 90% confidence, step-wise “selected” AA’s at 95% confidence. The innermost ellipses represent region of 95%
confidence for assigning a sample to one domain vs. the other, as defined canonical coefficients. The outermost ellipses represent the 50%

confidence intervals.

(e.g., Hayes, 2001). Overall, at this stage such pathway-spe-
cific explanations are only hypotheses, however they do
show that known metabolic differences between prokary-
otic and eukaryotic algae are consistent with our Gly and
Thr data. For Pro, a possible mechanism is currently un-
clear. We note that while the offset in ¢, values was not sta-
tistically significant, Pro did show a large offset via simple
normalization (Fig. la), had a strong loading in PCA
(8"’ Nryaa normalized, Table 3), and was indicated by
stepwise DFA as key in domain separation (Table 5).
Finally, Ile and Leu also appear to be key diagnostic
AA. This was indicated by similar &, offsets (Fig. 1b),
strong positive DFA canonical coefficients (Table 5), and
also suggested by the contrast in PCA outcomes for
F-AA vs. Trophic-AA. Specifically, since Ile and Leu are
the only AA which distinguish the Trophic-AA and

NF-AA groups, the much stronger statistical separation
for the Trophic-AA group is likely due to one (or both)
of these AA. We note that a number of prior studies have
also indicated that stable isotope values of the aliphatic
side-chain AA (Leu, Ile and also Val) can distinguish pro-
karyotic vs. eukaryotic sources. For example, Larsen
et al. (2009, 2012) showed Leu and Ile are the most diagnos-
tic AA for distinguishing bacterial vs. plant proteinaceous
material based on &'°C-AA patterns, consistent with
McCarthy et al. (2004) data for both heterotrophic bacteria
and degraded ocean particles. For 8°N-AA patterns,
unpublished data from marine degradation studies also
strongly supports Leu and Ile as bacterial degradation
markers (Calleja and McCarthy, pers. comm.). Taken to-
gether, these observations suggest that coupled 8'°N and
813C values of Tle, Leu and Val may be highly promising



116 M.D. McCarthy et al./ Geochimica et Cosmochimica Acta 103 (2013) 104-120

biomarkers for prokaryotic proteinaceous sources gener-
ally. Key questions for further research will be if 8'°N vs.
813C values for these AA offer independent information,
and how signatures in autotrophic vs. heterotrophic pro-
karyotes may differ.

4.2.3. DFA: the strongest predictive model for proteinaceous
sources

Taken together with PCA, the DFA results confirm that
3°N-AA differences between the algal domains are a fun-
damental determinant of 8'N-AA data structure. The
observation that the Trophic-AA group yielded strong sep-
aration (statistically significant at 94% confidence) was also
consistent with the PCA results, and in particular with the
likely diagnostic potential of Leu and/or Ile 8'°N values.
Finally, the clear and statistically significant separation ob-
tained for the stepwise DFA analysis (Fig. 5b) likely pro-
vides the strongest specific model for testing the
hypothesis that 3'°N-AA data can broadly distinguish
cyanobacterial vs. eukaryotic algal sources. The details of
the DFA “stepwise” variable selection (Section 3.2.5) were
also particularly interesting, because this approach repre-
sents independent identification of those AA which, out
of all mathematical possibilities, yield the most significant
group separation. The AA identified were in fact very close
to the Trophic AA group, but with Gly and Phe added, and
Ile missing. We note that the inclusion of Gly and Phe is
fully consistent with the 8""Nppaa normalized values and
PCA results discussed above. The inclusion of Leu (but
not Ile) might indicate that Leu is the more diagnostic of
these, which would correspond with 8'*C-AA results re-
ported by Larsen et al. (2009). However, due limited num-
ber of AA that could be identified (because of limited
degrees of freedom) we note that the importance of Ile can-
not be determined.

4.3. Fractionation vs. Glx: implications for 3'>N-AA change
with trophic transfer?

The F-AA vs. NF-AA groupings we observe may also be
related to patterns of 3'°N-AA change with trophic trans-
fer, and therefore have implications for a diverse array of
ongoing research. In animals, AA undergo very different
shifts in 3'°N values with increasing TP. The AA-specific
5N enrichments per trophic transfer are referred to as “A
values,” and are currently understood to fall within a con-
sistent range for each AA (e.g., McClelland and Montoya,
2002; McCarthy et al., 2007; Popp et al., 2007). Based on
known A values, 8'°N-AA data in heterotrophs are now
commonly classified into two separate groups (after Popp
et al., 2007), referred to as the “Trophic-AA” (those with
large A values), and the “Source-AA” (those with small
or near zero A values). This “Source vs. Trophic” AA divi-
sion is an underlying assumption for most current CSI-AA
work, providing the foundation for diverse emerging appli-
cations from marine ecological structure to paleoceanogra-
phy (e.g. Popp et al., 2007; Chikaraishi et al., 2009; Dale
et al. 2011; McCarthy et al., 2007; Sherwood et al., 2011).
However, the underlying basis for the “Trophic” vs.
“Source” division is not well understood. A general

assumption has been that the low A values of Source-AA
indicate that little further transamination has occurred.
This would imply that Source-AA are analogous to the
more familiar essential (non-dispensable) AA grouping
for carbon. Possible specific mechanistic explanations have
been proposed for two AA (Met and Phe; Chikaraishi et al.,
2009), but to our knowledge no hypothesis has addressed
the fundamental divide in A values.

There is, however, a strong correspondence between the
F-AA/NF-AA, and the “Source/Trophic” AA groupings
(Fig. 6), which suggests a common underlying mechanism.
When our eukaryotic &y, values are compared with A val-
ues, all Source-AA correspond with the F-AA group. Put
another way, those AA with little 3'°N change per trophic
transfer (Source AA) are also all the same AA which are
isotopically most decoupled from GIx in algal metabolism.
For the Trophic-AA group (i.e., those with large A values,
> ~49,), the five quantitatively major AA also closely cor-
respond with the NF-AA group (i.e., those in close isotopic
equilibrium with Glx). Only Ile and Leu, two quantitatively
less important AA, fell somewhat outside this pattern.
While it is unclear why Ile and Leu might behave differ-
ently, we note that these two AA are chemically and biosyn-
thetically closely related (both aliphatic side-chain AA).

Together these observations suggest that coupling to the
central Glx N pool could be a common basis for all these
observations. In the Trophic-AA group, the largest A value
is typically for Glx itself (McClelland and Montoya, 2002;
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Fig. 6. Comparison of Trophic-AA vs. Source-AA groupings with
fractionation coefficients (¢,,) in eukaryotic algae. Total fraction-
ation coefficients vs. GIx (&) for eukaryotic algae plotted against
characteristic 8'°N enrichments for trophic transfer (A values;
McClelland and Montoya, 2002) show a strong correspondence
between the F-AA vs. NF-AA division for algae, and the Trophic-
AA vs. Source-AA division observed in heterotrophs. All Source
AA (open squares) group with the F-AA (Thr not shown, as it has
negative A value). The most abundant Trophic-AA (high mol%;
shaded circles) also all correspond with the NF-AA. Ile and Leu
(indicated by light shading), fall outside group of other Trophic
AA.
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Chikaraishi et al., 2009). The 8'°N values of the remaining
Trophic-AA (and also the NF-AA group) indicate close
isotopic equilibrium with the central Glx pool in both auto-
trophs and heterotrophs. In contrast, both the F-AA and
Source-AA always have lower 8'°N values vs. Glx, indicat-
ing increased fractionation /decoupling from Glx. For the
Source-AA, a common interpretation has been that the
amine 3'°N value is largely retained from the base of the
food web. However, most Source-AA do in fact show some
change with trophic transfer (McClelland and Montoya,
2002; Chikaraishi et al., 2009), indicating that some trans-
amination in fact occurs. In algae, all AA are synthesized
de novo, so as noted above, the 8'°N offset vs. Glx must
be attributed to either enzymatic fractionation, and/or the
effects of the broader biochemical network (Hayes, 2001).
It is therefore possible that the same processes largely ex-
plain the observations in both autotrophs and hetero-
trophs: i.e., the N in most Source-AA has undergone
transamination, but with a stronger characteristic &, value.
While fractionation might not be exactly the same
magnitude in all organisms, this could result in the attenu-
ated 8'°N enrichment with trophic transfer that is widely
observed.

It is notable that two AA (Phe and Thr) stand out in lit-
erature data as having A values that are either very low
(Phe; A ~0.6, Chikaraishi et al., 2007, or negative Thr;
A — 1.5, McClelland and Montoya, 2002). However, the
autotrophic &, data does not indicate any correspondingly
distinct values. In fact, both these AA are perhaps best de-
scribed as “intermediates” between F-AA and NF-AA
groups (Fig. 2), suggesting that their singular A values are
related to processes occurring uniquely in heterotrophs. It
has been proposed that Phe’s isotopic stability is related
to the fact it has a degradation pathway which does not in-
volve transamination (Chikaraishi et al., 2007). If correct,
this AA might therefore be the only real “Source-AA” that
is now commonly measured (i.e., preserving 8'°N values
from the base of food web). We note that Met and Tyr have
also been indicated as having very low A values (Chikarai-
shi et al., 2007), however due to low concentrations we were
not able to measure the 8'°N value of either here. Finally,
Thr is singular it that appears to become depleted in 3'°N
at higher TPs, especially in marine organisms (e.g., Hare
et al., 1991). Although this is not yet mechanistically under-
stood, it seems clear that Thr does not fit into either Source
or Trophic AA groupings.

Overall, a unified explanation for the Trophic vs. Source
and F-AA vs. NF-AA groups, based on relative coupling to
the central Glx pool, would suggest that for most AA differ-
ential trophic enrichment may be linked to fundamental N
metabolism, operating similarly in both autotrophs and
heterotrophs. It also suggests that the AA-specific differ-
ences in A value might, to a first approximation, follow di-
rectly from ¢, values for F-AA vs. NF-AA groups (Fig. 6).
This might have important implications for environmental
applications. If most A values fundamentally result from
relative N flux and balance, these might vary depending
with taxa, number of trophic steps, or even the metabolic
and nutritional state of an organism. This seems consistent
with recent data showing different A values for some Source

AA in taxonomically different consumers (Chikaraishi
et al., 2009; Dale et al., 2011). Controlled trophic transfer
experiments to date have involved only low TP organisms
(McClelland and Montoya, 2002; Chikaraishi et al.,
2009), and we hypothesize that experiments with higher
TP animals will be required to fully test this idea. Finally,
if Phe is truly unique within the Source- AA group, than
the (Phe-Glu) pair originally proposed by McClelland
and Montoya (2002) may in fact be the most reliable proxy
for most TP estimates. However for detrital OM, where
diagenesis likely requires multi-AA proxies (McCarthy
et al., 2007), a more detailed understanding of changes in
individual AA A values will ultimately be required.

4.4. Tmportance of normalization for '>N-AA interpretation

Finally, one practical issue highlighted by our analyses is
the importance of data normalization choice. Normaliza-
tion of 8'°N-AA patterns is necessary for data comparison.
However, normalization also presents a quandary, since
single AA normalization both obscures variability in the
AA chosen, and also in any other AA with similar 5°N off-
sets. Our results clearly indicate that normalization to Glx
3'°N allows the best comparison of pathway-specific
5°N-AA metabolic differences, and leads to the best do-
main separation. However, this approach obscures differ-
ences in Glx 8'°N value itself, and it also relies on the
accuracy of a single measured 8'°N value, which may be
uncertain in degraded materials. Normalization to the aver-
age 5!5N of total AA pool (815NTHAA), while less diagnos-
tic, allows a general pattern intercomparison without these
drawbacks. Overall, we suggest that normalization to
8" Nruaa and Glx 8'°N are highly complementary for
investigating 8'°N-AA patterns in different sample types.
Beyond general pattern comparison, however, our data
indicated that linear regression and/or multivariate analy-
ses (particularly DFA) are more effective for identifying
source-related 8'°N-AA pattern differences. We suggest
that &, values derived from AA regression vs. Glx are ulti-
mately the best approach to compare relative 3'°N-AA pat-
terns in biota, while normalization to 8" Nrgaa (coupled
with AA diagenetic indexes) will ultimately be more useful
in detrital samples.

5. OVERVIEW AND CONCLUSIONS

While a broadly similar 8'°N-AA pattern was common
to all algae we examined, our results also clearly indicate
that significant AA-specific 5'°N variation is linked to cya-
nobacteria vs. eukaryotic algal groups. This finding repre-
sents a major expansion of 8'°N-AA biogeochemical
potential, and combined with ability to indicate TP, 3N
values at the base of food webs, and microbial resynthesis,
suggests CSI-AA as an extraordinarily diverse technique
for tracing ON source and transformation.

The specific AA identified as diagnostic for cyanobacte-
ria vs. eukaryotic sources were generally consistent across
multiple analytical approaches. An offset in Glx 8°N
between the algal domains was a central observation, cou-
pled with the result that Glx normalized data was the most
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effective for visualizing differences in 8'°N-AA patterns. We
have hypothesized that the difference in Glx 5'°N may be
linked to different isoforms of glutamate synthetase in cya-
nobacteria vs. eukaryotic algae, or alternately to differences
in overall flux of N within the cell. The AA Gly, Ile and Leu
were also indicated as having strong tracer potential. While
diagnostic 8'°N-AA differences between cyanobacteria and
eukaryotic algae have not been identified previously, these
findings are directly analogous to those reported for 8'*C-
AA patterns (Scott et al., 2006; Larsen et al., 2009). Overall,
DFA analysis provided the strongest (most statistically sig-
nificant) model for distinguishing proteinaceous sources
from the two domains. The group of AA identified as lead-
ing to the best predictive separation included several with
3'°N values strongly linked to Glx (Asx, Ala, Val, Pro),
and in addition Gly, Phe and Leu.

A main underlying observation in our data was also
that, to a first order, all algal 3'°N-AA patterns fall into
two groups based on offset vs. 8'°N of Glx. About half
the AA display no significant 8'°N offset from Glx (dis-
cussed as the NF-AA), indicating a tight coupling with
the central GIx N pool, while a second group (discussed
as F-AA) exhibits highly reproducible isotopic depletion
vs. Glx. We have hypothesized that this bifurcation also
represents an explanation for the differential 8'°N-AA
enrichment behavior widely documented in heterotrophic
food webs. The relative ¢ values which best define the
F-AA vs. NF-AA division in algae corresponds well with
relative A values which define 8'°N change with trophic
transfer. Close isotopic coupling to the central Glx pool
likely explains the higher 8'°N values of the NF-AA and
Trophic-AA groupings, in both algae and heterotrophs.
The associated implication is that the characteristically low-
er Source-AA 5'°N values in heterotrophs may also be lar-
gely due to inherent differences in fractionation. This
represents a very different mechanism for the relative “sta-
bility” of 8'°N values in the Source-AA, which previously
were assumed to undergo little or no transamination with
trophic transfer, and so might have important consequences
for environmental applications. While the widely used Phe
3'°N value may be uniquely stable, if most A values are fun-
damentally linked to relative N flux and balance, these
might vary substantially depending on taxa, number of tro-
phic steps, or even with the even metabolic and nutritional
state of a given individual organism.

5.1. Significance and future work

These findings suggest that 8'°N-AA patterns may pro-
vide a new organic geochemical tool for tracing major N
sources in actively cycling biogeochemical reservoirs. We
propose that the DFA canonical variables can be used as
a first predictive approach, which may be particularly valu-
able for ON in open ocean areas where prokaryotes can
dominate primarily production (e.g. Karl et al., 2002). In
such regions, the degree to which cyanobacteria constitute
direct sources for DON or exported PON remain important
questions (McCarthy et al., 2004, 2007; Richardson and
Jackson, 2007). However, a number of important issues
also need to be addressed by future research.

One important question will be the degree to which het-
erotrophic changes alter 5'°N-AA source information. This
remains to be tested, but may be particularly important in
detrital pools subject to microbial degradation. In animal
tissues the strong characteristic 8'°N increase for Trophic-
AA (the group our data suggests also contains the most
diagnostic information) may present a problem. However,
at least in lower TP planktonic food webs, these A values
seems extremely consistent (Chikaraishi et al., 2009), which
suggests that diagnostic information might be preserved, or
that corrections may be possible. In OM pools derived pre-
dominantly from alga/microbial food webs (such as marine
dissolved ON), however, this would presumably not be an
issue. Here, 8'°N-AA indices for extent of microbial resyn-
thesis (McCarthy et al., 2007) will be key to evaluating pos-
sible diagenetic alteration, and proxies based on multiple
independent 8'°N values may be strongly advantageous.

Most broadly, our data indicates that detailed 8'°N-AA
patterns cannot be fully interpreted without taking auto-
trophic source organisms into account. A second important
area will therefore be to understand in more detail 3'°N-AA
variation between major groups of ocean primary produc-
ers. The evolutionary divergence of oceanic algae (diatoms,
dinoflagellates, etc., e.g., Falkowski et al., 2004) suggests
that specific algal lineages might also have significant differ-
entiation which extends beyond the very broad categories
examined here. The consistently different results we ob-
tained for P. marinus vs. other prokaryotic algae may point
to one important example. While these data is only based
on a single sample, our results coupled with Prochlorococ-
cus’ unique physiological characteristics (e.g., simple gen-
ome and unique light harvesting systems; (e.g., Hess
et al., 1996; Rippka et al., 2000) suggest that Prochlorococ-
cus might have distinct 8'°N-AA patterns vs. other cyano-
bacteria. Given the global importance of picoplankton
production, this could be a key topic for future research.
Overall, these observations suggest that 3'°N-AA tracer po-
tential may be substantially more detailed than the simple
eukaryotic vs. cyanobacterial dichotomy we tested here.
Focused work with major ocean algal groups will be re-
quired to test its full potential.
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Electronic Annex E-1
EA 1.1 Supplementary Methods

EA 1.1.1 Derivatization and GC-IRMS Chromatography Conditions

Amino Acid Derivatives were prepared according a modified protocol after Silfer and
coauthors (1991). Approximately 500 ul of a mixture of 5:1 isopropyl:acetic chloride was added
to each algal sample in dram glass vials with Teflon-lined caps. Samples were capped and placed
in a “reacti-vap” (Pierce Scientific) heated block, which was placed entirely inside a hood, and
heated to 110° C for 1 hr. Early in the first acylation step it is important to very gently retighten
caps several times to prevent solvent evaporation. After 1 hr vials are removed and evaporated to
dryness under N; in the same blocks. Vial caps are checked for deformation (which would
indicate inability to re-seal), and replaced with fresh caps if necessary. Subsequently 500ul of a
mixture of 3:2 dichloromethane:trifluoroacetic acid was added, samples re-capped and heated to
100° C for 15 min, then again evaporated to dryness under N, Two 250 ul aliquots of
dichloromethane are added and blown down to assure full removal of TFA (as this can have
severe negative consequences for chromatography if any remains), and finally sample is
transferred to a new dram vial and reconstituted in appropriate volume of dichloromethane for
GC-IRMS analysis. GC-IRMS analysis was conducted in the UCSC-SIL facility on a Thermo
Trace Ultra GC fitted with a Agilent DB-5 column (50m x 0.32 mm i1.d. x 0.52 um film
thickness), in line with an oxidation furnace (980° C), reduction furnace (650° C) and liquid

Plis XP IRMS. The injector temperature was set to

nitrogen trap, and linked to a Finnegan Delta
250° C with a continuous split-less He flow of 2 ml/min. The GC temperature program was:
Initial temp = 52° C hold for 2 min; ramp 1 = 15° C /min to 75° C, hold for 2 min; ramp 2 = 4°
C/min to 185° C, hold for 2 min; ramp 3 = 4° C/min to 200° C; ramp 4 = 30° C/min to 240° C,

hold for 5 min.

Final isotopic values are reported in standard & notation following standard conventions:
X = (Rsample/ Rstandara) — 1] X 103 (%0)

where X ="°N of sample, and Rgndard 1S 8N of atmospheric N, (Silfer et al., 1991)
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EA 1.1.2 GC-IRMS Data Correction

Each sample batch was derivatized with an accompanying AA external standard mixture,
for which all AA 8'°N values had been determined independently off-line (via EA-IRMS). The
external AA standard mixture was used both to monitor the accuracy of the instrument and also
to correct if any significant shifts were observed in GC-IRMS values (most commonly due to
oxidation/ reduction furnace condition changes). The external AA standard mixture was injected
before and after each sample throughout a GC-IRMS run. The average of the four standard
injections closest (bracketing) each sample was compared to known off-line values. If the
measured standard values were within one standard deviation of true standard value, no
correction was applied. However, if the 8°N-AA standard values were offset from known
values beyond 1 standard deviation, then the AA sample values were corrected based on offset

between the average external standard 8'°N value and the known EA 8"°N value, as follows:
@) 8"N-SPL reportea = AVE 8 °N-SPLumeasurea — (AVE 8 °N-STDmeasurea - 8'*Nia )

where Avg o 15N-SPLmeasured is the average 8!°N for a sample AA (n=4), Avg 0 15N-STDmeasured 1S
the average 8"°N for the AA in the external standard (n =4), and 5°Nga is the known EA offline

value for the same standard.

EA 1.2: SUPPLEMENTARY RESULTS AND DISCUSSION

EA 1.2.1 8°N-AA data
Table on following page.
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EA 1.2.2 PCA and DFA Background Information

PCA is a mathematical rearrangement of data into reduced variables (see Grimm and
Yarnold, 1995, for a good overview). Briefly, new variables, called principal components (PC),
reduce as much variation as possible from the original data. If variation is not random, then
underlying data structure can be examined through the fewer “reduced” variables. Our discussion
involves three main PCA results : the eigenvalues, the PC loadings (or eigenvectors), and the PC
scores. Each PC has an eigenvalue, which is a measure of the amount of variability explained by
that PC. For example, a PC with an eigenvalue of 5, in a dataset with 10 variables, would explain
50% of the total variation in the total data. The PCs are customarily labeled as PC1, PC2, PC3
etc., in descending order based on total data variation each PC encapsulates. Here we discuss
PCs with eigenvalues > 1 as the “significant” PCs (see also methods), because these PCs explain
more variation than the original variables. The eigenvectors, also known as PC loadings,
represent the influence of each variable (in our case individual AAs) on each PC. Finally, for
each sample there is also an overall PC score, based upon PC loadings. The PC score is a
weighted sum of each variable, proportional to the relationship strength between the PC and
variables in data set. Data sets are typically normalized before PCA analysis to remove non-
meaningful sources of variation (“centering” the data). Because choice of normalization variable
can therefore have an important influence on results, following from our previous data treatment

we have discuss PCA results with normalization to both 8'°N of Glx and 815NTHAA.

DFA is another common multivariate approach used to reduce patterns of variation in
large data sets. In contrast to PCA, however, DFA is a predictive tool which uses group
membership to build a model incorporating variables which differ most between assigned
groups. The resulting linear combinations, called canonical variables, are reduced variables
analogous to PC’s in PCA, canonical coefficients are analogous to the PC loadings (and also
indicate AAs which contribute most to the canonical variable), and together these are used to
calculate a canonical score for each sample. Biplots of canonical scores can again be used to
graphically represent the degree of group separation (Fig. EA-1). Most important, if significant

separations are achieved, then the canonical scores and biplots can ultimately be used to test
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unknown samples. For example, the ovals in Figure EA-1 represent the 95% confidence zone for
eukaryotic vs. prokaryotic algae; if an unknown plotted within a circle, it would be predicted to
have been derived from that algal domain with 95% confidence. Thus, testing if a significant
DFA model can be derived from 8'°N-AA values addresses an ultimate goal of this study, to
determine if metabolic 5'°N-AA differences might predict sources in natural samples. Finally,
two important practical differences between DFA and PCA influence our discussion. First, DFA
data is not normalized, and second (as noted above; results 3.2.3) available degrees of freedom
limit DFA to specific AA groups. Both of these factors preclude an exact comparison to PCA

results.
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Figure EA 1: Biplots of DFA results for all AA groupings tested.
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Figure EA 1: Biplots of DFA results for all AA groupings tested. Biplots
of DFA canonical scores, as in Fig. 9 in the text, for all AA groupings
described tested. While some domain separation is observed in all groups,
significant separations (via ANOVA) were found only for trophic-AA group
(90% threshold), and the step-wise routine “selected” AAs (significant at
95%). Crosses represent the center of regions defining each domain; ellipses
represent region of 95% confidence for assigning a sample to one domain vs.
the other, as defined canonical coefficients.
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EA 1.2.3 : Tests of individual PC loadings vs. mol% and biosynthetic path length

For the PCAs which tested all AA (Table 3), the PC loading of PCs that yielded
significant domain separation were tested for correlation to the “biosynthetic path length” (i.e.
the number of biosynthetic steps required to synthesize carbon skeletons for each AA, the total
number of steps being derived from Fig. 3) and also the average cellular abundance (mol%
value) for each AA (data not presented here). Testing against either the biosynthetic path length
or average mol% alone did not a yield strong relationship. However, when the biosynthetic path
length was scaled (i.e. multiplied) by the average mol% for each AA and regressed against its
respective PC loading, a clear linear relationship was observed for most of the loadings of the
8'"°N-Glx normalized PCA (Fig. EA-2). While the loadings for Ile and Leu clearly fall off the
line, when they are excluded from the regression, the relationship is very robust (r*=0.85, p =
0.0011).

With respect to mol%, this result supports our hypothesis that the overall fractionation of
the each AA is related to the relative amount (or flux) of N required for synthesis of each AA.
However, it is less obvious to describe how biosynthesis of the C skeleton would be directly
related to 8'°N values. We have no clear answer, however we hypothesize this could also be
related to relative AA flux and/or the timing of transamination: in more complex biosynthetic
pathways, in particular with multiple branching points and variable fluxes, transamination might
in effect be somewhat decoupled from changes in central GIx pool. The two alphatic side-chain
AA, Ile and Leu are the only AA that don’t adhere to this relationship. While it is not clear why
they don’t follow the trend, we note these were also the AA implicated as “outliers” in Fig 6 and
were indicated as diagnostic in 8'"°C patterns (Larsen et al., 2009; Scott et al., 2006). At this
stage, however, we are only able to conclude that there is evidence for a complex relationship
between relative 5'°N values and the effect of the length of carbon skeleton biosynthetic
pathways coupled with the flux of N going into synthesis. In terms of fully understanding &'°N-
AA patterns, and especially changes with trophic transfer, this is an area which likely deserves

further investigation.
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Figure EA 2: Biosynthetic Path and Flux vs. AA loadings
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Fig. EA-2: 6"°N-GIx normalized PC1 loadings vs. biosynthetic path length x

average AA mol%. The number of biosynthetic steps is taken from Fig. 3. Ile and
Leu are plotted here for reference but are excluded from the linear regression
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