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Anoxic marine zones (AMZs) constitute pelagic systems distinguished from the oxygen
minimum zones (OMZs) by the complete absence of detectable oxygen and the
accumulation of nitrite in mid-waters. At the top of the oxygen-depleted layer and
below the oxycline, nutrients are abundant; light intensity is very much reduced (<1% of
incident light) and a secondary chlorophyll maximum (SCM) is developed. The shoaling of
the oxygen-depleted layer, product of the AMZ expansion, could enhance this SCM,
which has little-known biogeochemical effects. Here, we show that the SCM is
contributing a measurable signal in the particulate organic carbon (POC), enough to
alter the 8'Cpoc in the top of the oxygen-depleted layer. This data showed significant
differences among stations with and without the development of a SCM, being 3.0%o
heavier when a SCM is developed, and indicating photosynthetic activity and/or
remineralization in the top of the AMZ. More depleted §'°Cpoc values were also found
when no SCM was present indicating stronger chemoautotrophic activity, potentially
driven by anammox and sulfur-oxidizing bacteria activity. Assimilation rate data show that
when sufficient light and Prochlorococcus are present, photosynthesis exceeds
chemoautotrophic carbon fixation, and can exceed heterotrophic assimilation of
glucose or acetate. However, in the majority of the stations, assimilation rates of both
glucose and acetate exceeded carbon fixation rates under light stimulation, suggesting
that often the SCM is still a net heterotrophic system.
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INTRODUCTION

Anoxic marine zones (AMZs) are places in the open ocean with
contrasting vertical oxygen concentrations. At the surface, there
is a photic and oxic layer followed by an abrupt oxycline. At
intermediate depths, there is a complete absence of detectable
dissolved oxygen, with accumulation of nitrite (Revsbech et al.,
2009; Thamdrup et al., 2012; Ulloa et al., 2012), and the
occasional presence of H,S close to the coast (Schunck et al.,
2013). Under this anoxic layer, oxygen concentrations increase
again. These AMZs are prominent in the Eastern Tropical North
and South Pacific (ETNP and ETSP respectively) and in the
Arabian Sea (Ulloa et al., 2012). At the top of the anoxic layer,
just below a chlorophyll minimum in the oxycline, nutrients are
abundant and sunlight levels are very low (<1% of incident light)
and in certain cases, a secondary chlorophyll maximum (SCM)
develops. This SCM is mainly formed by the picocyanobacteria
Prochlorococcus, specifically by the ecotypes: LLIV, LLV and
LLVI (Lavin et al.,, 2010), with the last two ecotypes now being
renamed as AMZ I and AMZ II respectively, and a recently
discovered novel orange-fluorescent ecotype, the ecotype AMZ
III, which was traditionally associated with Synechococcus-like
cells (Ulloa et al., 2021). None of these AMZ ecotypes have yet
been successfully cultivated, and photosynthetic picoeukaryotes
have not been detected within the SCM (Lavin et al., 2010;
Aldunate et al., 2020).

Garcia-Robledo et al. (2017) showed that AMZ
Prochlorococcus has the ability for carbon fixation through
photosynthesis and that this carbon might be recycled through
the microbial loop or exported to deeper areas within the AMZs.
Furthermore, they also showed that the SCM is producing
oxygen, which is not detected because respiration is greater
than production. This cryptic oxygen cycle might impact other
members of the microbial community, supporting important
aerobic metabolisms, such as aerobic respiration and nitrite
oxidation (Garcia-Robledo et al., 2017). However, due to the
position of the SCM within the water column, it is likely to be
transported frequently by internal waves or turbulence to depths
where sunlight is scarce for supporting photosynthesis (Cepeda-
Morales et al., 2009), decreasing the population or simply
dissipating the SCM, and hence stopping the carbon fixation
and oxygen production in the top of the anoxic layer. Therefore,
it is necessary to understand how the presence or absence of a
SCM can influence the net community metabolisms, to explore
whether the community is heterotrophic, chemoatotrophic, or
net phototrophic.

On the other hand, the expansion of the AMZs (Stramma
et al,, 2008), and the subsequent shoaling of the upper boundary
of the anoxic layer to illuminated waters (Gilly et al., 2013)
potentially enhance the SCM. In this way, how the presence/
absence of the SCM impacts the carbon metabolism of the AMZ
microbial community is still poorly understood.

In this work, we focus on testing the hypothesis that the
presence of a SCM has a significant biogeochemical impact in
the AMZs. This is expressed in the carbon fractionation and the
relative importance of phototrophic vs chemoautotrophic carbon
fixation and the light impact in the community organic carbon

assimilation. To test this hypothesis, we compared
measurements of 8°C for particulate organic carbon (POC)
from the primary and secondary chlorophyll maximum (PCM
and SCM respectively) in two AMZs in the Eastern Tropical
North and South Pacific oceans during five oceanographic
cruises with measurements of 8'°C of POC from the top of the
AMZ layer when no SCM was present. To explore the relative
importance of carbon fixation through phototrophy vs
chemoautotrophy and the potential impact of the light on the
community organic carbon assimilation we performed organic
and inorganic carbon uptake rates experiments.

MATERIALS AND METHODS
Sampling Site and Field Collection

Samples were obtained from a total of 39 stations in the AMZs of
the Eastern Tropical North (ETNP) and South Pacific (ETSP),
during five cruises: NH1410 (May 2014) and RB1603 (April
2016) for the ETNP, and NBP1305 (June-July 2013), AT2626
(January 2015) and LowpHOx I (November 2015) for the ETSP
(see station map in Figure 1; Table S1). Samples were collected
based on fluorescence and oxygen profiles of each station, taking
water from the PCM (fluorescence peak at the surface), the SCM
(fluorescence peak at the top of the oxygen-depleted layer) and
from the top of the oxygen-depleted layer when no SCM was
detected. Samples were collected using a pump profiler system
(PPS) that pumps water directly from the desired depth while
profiling the water column with an attached CTD system
(Seabird SBE-19 plus for ETNP and Seabird SBE-25 for ETSP)
providing continuous records of salinity, temperature, depth,
dissolved oxygen (Seabird SBE 43 oxygen sensor; all cruises) and
in vivo fluorescence (WETStar for ETNP cruise and ECO-AFL/
FL for ETSP cruises, both WET Labs fluorometers). Discrete
nutrient samples were analyzed using standard colorimetric
methods according to the manufacturers specifications and the
fluorometric method of Holmes et al. (1999). In April 2016
(ETNP; cruise RB1603) seawater was pumped into the laboratory
and connected to an auto analyzer for high-resolution profiles of
NOj3, NO3, and NHj, binned to 1 measurement per meter.

Natural Abundance of '*C/'?C and
Incubation Experiments

Both for the PCM and SCM, natural abundance of >C/**C in
suspended POC (0.3 - 3 um size fraction) was determined by
filtering 2-3 L of seawater though a 3-um pore polycarbonate
membrane filter and collecting the microbial biomass on a 0.3
pum nominal pore size glass fiber filter (Sterlitech GF-75; pre-
combusted at 500°C for 6 h). The GF-75 filters were dried
onboard or frozen in liquid nitrogen. Once in the laboratory,
GF-75 filters were fumed with HCI vapors for 8 h to drive off
inorganic carbon and then dried and encapsulated in tin
capsules. Samples were analyzed at the University of California
Davis Stable Isotope Facility by using an Elementar Vario EL
Cuve or Micro Cube elemental analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany) interfaced to a
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FIGURE 1 | Map with the sampled stations in the ETNP (cruises: NH14010 and RB1603) and the ETSP (cruises: NBP1305, AT2626 and LowpHOX I). Colors
indicate 8'°C (%o) of POC (0.3 - 3.0 um size fraction) in the primary chlorophyll maximum (PCM) (left panels), and in the secondary chlorophyll maximum (SCM) and
top AMZ when no SCM was present (right panels). e indicates the isotopic discrimination of the enzymes involved in the Calvin Benson Bassham (CBB) cycle,
reductive Tricarboxylic Acid (rTCA) cycle, 3-hydroxypropionate/4-hydroxybutyrate (S3HP/4HB) cycles and Acetyl CoA cycle.

PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK). The standard used was VPDB (Vienna Pee Dee
Belemnite) and the long-term precision reported is +£0.2%o for
6 13CP0(:.

Incubation experiments were performed for determination of
uptake rates of organic and inorganic carbon sources in the SCM.
Water from the SCM was collected in a 20-L glass bottle and
purged for 20 min with a mixture of 800 ppm CO, balanced He in
order to avoid any oxygen contamination during the sampling and
maintain the in situ pCO,/pH. This water was siphoned to 6 — 12
custom-made incubation bottles (1.1 L) and each bottle placed in a
water bath inside a temperature-controlled cold van (see diagram
in Aldunate et al., 2020). The incubation conditions were set to
simulate in situ temperature (ranging between 14 and 16°C
depending of the station) and light (blue light with intensities of
10 - 30 umol photons m™> s'). Three different *C-labeled
compounds (Cambridge Isotope Laboratories) were used to
assess the potential carbon uptake rates in the SCM. Final
concentrations represented enrichments of 14.9-20.3% for >C-
bicarbonate (HCO3), 17.7% for 13C-glucose and 16.5% for *C-
acetate. After 12 h of incubation, picoplankton from each bottle

was concentrated by filtering though a 3-um pores polycarbonate
membrane filter and collecting the microbial biomass on a 0.3 pm
nominal pore size glass fiber filter (Sterlitech GF-75; pre-
combusted at 500°C for 6 h). Then, filters were fumed with HCl
vapors, dried, encapsulated and sent for analysis as described
above for ?C/"*C natural abundance measurements.

Carbon Assimilation Rates Calculations
Assimilation rates (p13C; mg C L h'') were calculated for each
carbon source using the equation (1) (Slawyk et al., 1977):

)

(Rpoc—R,) (12"8%/
R

piC =

T (1)

Where Rpoc represents the 13C enrichment in the filter after
incubation (atom %) and R, represent the natural abundance of
C (atom %). POC represents the amount of particulate
organic carbon recovered in the filter after incubation (ug), Vs
represents the incubation volume and T indicates the
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incubation time (hours). The excess enrichment of the tracer
after its addition at the beginning of the incubation is indicated
by Rc (in %) and is calculated using the equation (2):

Vi
C V3Cx 13C

[(M)+ C x c] % 100

Re = (2)

Where V'*C represent the volume of the '>C tracer solution
added to the incubation bottle (0.5 mL). 13C represents the
concentration in °C of the added tracer. C; represents the
concentration of the carbon source in the sample before tracer
addition; C,, indicates the natural abundance of ">C (in absolute
value) and V), is the volume of sample bottles (1.1 L).

When the tracer additions resulted in initial enrichments
exceeding 50%, rates should be considered as potential uptake.

Statistical Analyses

The Kruskal-Wallis test was used to test statistical significance of
differences among 8'*Cpoc from the ETNP SCM, the ETSP SCM
and ETSP where there are no SCM, with significance set at 0.05.
Correlations between §°Cpoc from the ETNP and ETSP and
other environmental variables were calculated using Pearson’s
correlation analysis, after variables were log-transformed as
Logo (X+1). Pearson’s correlation coefficients were tested for
significance at &= 0.05 using XLStat software (AddinSoft SARL).

RESULTS

Environmental Context

The water column structure of the sampled stations exhibited
similar patterns between stations, but with some differences (see
examples in Figure 2). The oxygen profiles showed a superficial
oxygenated layer (60-80 m deep), followed by an abrupt oxycline
where oxygen dropped to levels below detection by the dissolved
oxygen sensors of the CTD at greater depths in the ETNP (90
and 160 m depth) than in the ETSP (70 and 127 m depth).
Previous results using the more sensitive dissolved oxygen sensor
(STOX sensor; Revsbech et al., 2009; Thamdrup et al., 2012;
Garcia-Robledo et al., 2017) as well as the accumulation of nitrite
at these depths suggest these layers might be considered anoxic.
SCMs were present at the top of the oxygen-depleted layer at
average depths of 100 m depth and varied in intensity among
stations (see Figure 2). Strong SCMs were found both in the
ETNP and ETSP (see example in Figures 2A-C), and in extreme
cases the maximum fluorescence of the SCM could equal or even
exceed the surface PCM (not shown). In other stations, we
observed a clear SCM in both fluorescence and flow cytometry
profiles, but this maximum was smaller than the surface PCM
(example in Figures 2D-F). Finally, there were stations in the
ETSP where no SCM could be detected (example in
Figures 2G-I; all stations in cruise LowpHOx-I).”

At the depth of the PCM in the surface oxic layer, both
nitrate (X = 4.5 uM; SD = 4.5 uM) and nitrite (X = 0.4 puM;
SD = 0.5 uM) concentrations were low, with nitrate accumulating
with depth through the oxycline (Figure 2; Table S2). Once
within the oxygen-depleted layer, nitrate showed a slight

decrease (X = 22.0 uM; SD = 5.4 uM) coupled to nitrite
accumulation (X = 1.4 uM; SD = 2.3 uM; Figures 2B, E, H).
Flow cytometry analyses showed marked changes of
picophytoplankton with depth (Figures 2C, F, I). In the surface
oxic layer, the PCM was composed of high abundances of
Prochlorococcus (X = 36.6 x10° cell mLY; SD = 60.4 x10° cell
mL™), Synechococcus (X = 25.1 x10% cell mL % SD = 32.8 x10° cell
mL™") and PPE (X = 11.8 x10> cell mL™'; SD = 14.7 x10> cell mL™).
The abundances of these three groups decreased with depth
throughout the oxycline (Figure 2; Table S2). However, in the
stations where a SCM was detected, in the oxygen-depleted layer,
Prochlorococcus dominated numerically (X = 41.0 x10° cell mL'™;
SD = 25.9 x10” cell mL"), representing on average 93.9% of the
picophytoplankton community of the SCM. A less abundant
group of orange-fluorescent cells (probably AMZ III
Prochlorococcus) was also present (X = 2.2 x10° cell mLY; SD =
2.6 x10° cell mL™"), representing on average 5.1%, of the
picophytoplankton community of the SCM, while PPE were
very low or undetectable (Table 1).

5'3C of POC at the depth of the PCM

and SCM

The natural abundance of §'*Cpo¢ in both the PCM and SCM in
the ETNP and ETSP showed a high variability (Figures 1, 3;
Table 2). §"*Cpoc values in the ETNP PCM were in general
less variable and more depleted in '*C compared with the ETSP
PCM, with averages of -28.7%o (SD = 1.1%o; n = 8) and -26.1s
(SD = 2.5%0 n = 6) respectively (Figure 3 top panel). On
the other hand, 8"Cpoc values in the SCM both in the ETNP
and ETSP presented similar distributions, ranging from -31.1%o
to -23.9%o for the ETNP and from -30.4%o to -23.8%o for the
ETSP. However, the majority of the data is slightly depleted in
the ETNP SCM with 50% of the data (n = 17) distributed
between -29.9%o0 and -27.0%o, compared with the ETSP SCM
with 50% or the data (1 = 8) between -29.3%o0 and -23.9%eo. In the
case of the samples taken during LowpHOx-I cruise where no
SCM was detected (ETSP top AMZ; Figure 3), samples were
taken from the top of the oxygen-depleted layer. §"*Cpoc values
were extremely depleted, ranging from -31.0%o to -28.1%o
(Figure 3 bottom panel; Table 2).

Multiple-pairwise comparisons among 8> Cpoc for the ETNP
SCM, the ETSP SCM, and ETSP top AMZ (no SCM was
developed), indicated that there were no significant differences
between 8°Cpoc from ETNP SCM vs. ETSP SCM at a 95%
confidence level, with the variability among stations only 9%
higher in the ETNP SCM. However, significant differences were
found between 8'>Cpo. from ETSP SCM vs. ETSP top AMZ where
no SCM was developed, with values 3.3%o on average heavier and
the variability among stations 55% higher when the SCM was
developed (Table 3). Moreover, no significant correlations were
found between 8" Cpoc in the SCM and the abundance of
Prochlorococcus or any other environmental variable evaluated in
this study such as nutrients, distance to the coast, among others.

Carbon Assimilation Rates
Uptake rates for inorganic (bicarbonate) and organic (glucose
and acetate) carbon sources were measured in incubation
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FIGURE 2 | Example vertical structures of water columns and picoplankton with strong, weak, and no SCM at the top of the oxygen-deficient layer in the AMZs.
Panels (A-C) represents a strong SCM in the ETNP (cruise RB1603, station 12); panels (D-F) represent a weak SCM in the ETSP (cruise NBP1305, station H9); and
panels (G-1) represent an example when no SCM was present in the ETSP (cruise LowpHOx |, station T6). Left panels show oxygen and fluorescence profiles (CTD +
fluorometer). Middle panels show nitrate and nitrite profiles measured in continuous flow coupling the PPS and an autoanalyzer (B) and a discrete sampling (E, H).
Right panels show cell count (x10°% cell mL™) profiles of picophytoplankton components obtained by a high-resolution sampling analyzed by flow cytometry. Dark
green circles indicate Prochlorococcus, light green triangles indicate PPE, and orange squares represent orange-fluorescent cells.
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TABLE 1 | Flow cytometric analysis of the microbial community at the peak depth of the secondary chlorophyll maximum (SCM) for the Eastern Tropical North Pacific
(ETNP) and Eastern Tropical South Pacific (ETSP), including: cruise name; station; peak depth of the SCM in meters; Prochlorococcus (Pro), orange-fluorescent cells
(OFC), photosynthetic picoeukaryotes (PPE), non-fluorescent picoplankton (NFP), fluorescent picoplankton (FPP = Pro + Syn + PPE) abundances (x10° cells mL™); Pro,

Syn and PPE relative abundances (in %) to the fluorescent picoplankton.

Cruise Station Depth Pro Syn PPE NFP FPP Pro OFC PPE
(m) (x10° cell mL™) (%)
ETNP
NH1410 ST04 100 39.2 2.3 0.0 383 415 94.4 5.6 0.1
F8 100 33.6 1.8 0.1 439 35.4 94.9 4.9 0.2
T7 90 12.1 3.4 0.0 169 15.5 78.3 21.7 0.0
T8 89 771 10.9 0.0 518 88.1 87.6 12.4 0.0
T10 110 61.1 4.8 0.0 266 65.9 92.7 7.2 0.0
3T 115 17.6 0.8 0.0 212 18.4 95.4 4.5 0.1
10F 95 58.4 4.7 0.0 297 63.0 92.6 7.4 0.1
12F 85 84.7 8.3 0.0 322 93.1 911 8.9 0.0
14F 100 61.4 3.2 0.1 248 64.6 94.9 5.0 0.1
RB1603 ST6 90 52.9 1.3 0.0 556 54.2 97.6 2.4 0.0
ST7 93 77.5 2.0 0.0 664 79.5 97.5 25 0.0
ST8 97 58.4 1.8 0.0 586 60.3 97.0 3.0 0.0
ST9 95 40.0 0.9 0.0 535 40.9 97.8 2.2 0.0
ST10 128 12.8 0.5 0.0 671 183 96.3 3.7 0.0
ST11 115 91.9 0.3 5.1 421 97.4 94.4 0.3 5.3
ST12 156 22.0 0.2 0.0 402 22.3 98.9 1.1 0.0
ST13 160 74 0.2 0.0 398 7.3 96.6 3.4 0.0
Av. 107
ETSP
NBP1305 H9 113 9.2 0.3 0.0 344 9.5 97.3 2.6 0.1
H 21 70 7.2 0.7 0.0 436 7.9 91.2 8.8 0.0
BB2 88 32.7 0.6 0.0 674 33.3 98.2 1.8 0.1
AT2626 ST 08 112 56.50 0.58 2.92 163 60.0 94.2 1.0 4.9
ST 10 17 46.13 1.30 0.82 196 48.3 95.6 2.7 1.7
ST 12 127 23.45 0.43 1.47 229 25.3 92.5 1.7 5.8
ST 14 78 16.25 0.72 1.15 420 18.1 89.7 4.0 6.4
ST 18 77 26.35 2.27 0.00 504 28.6 921 7.9 0.0
Av. 98
Total Av. 104 41.0 2.2 0.5 402.1 43.7 93.9 5.1 1.0
SD 22 25.9 2.6 1.2 168.2 27.8 4.3 4.6 2.1

Total average are in bold.

experiments in light vs. dark with water samples taken from the
SCM (Figure 4; Table S1). Our results show that bicarbonate
(C;) assimilation in the SCM was highly variable among stations
and was always higher in the presence of light (Figure 4A).
During incubations with light, C; assimilation rates varied
between 4.2 and 150.3 nmol C L' d' for the ETNP and
between 2.4 and 157.4 nmol C L' d'! in the ETSP (X = 43.7
nmol C L' d%; SD = 59.8 nmol C L' d'%; all stations). Pearson’s
correlation analysis showed a positive and significant correlation
(r = 0.765 p = 0.009) between these rates and the relative
abundance of fluorescent cells (Prochlorococcus + orange-
fluorescent cells) in the total picoplanktonic community
(Prochlorococcus + orange-fluorescent cells + NFP), with high
rates and abundances in the stations T7 in the ETNP (cruise
NH1410) and ST8 in the ETSP (cruise AT2626) (Table S2).
During dark incubations, C; assimilation rates were very low, but
present and ranging between 1.96 and 17.8 nmol C L™ d! in the
ETNP and between 0.5 and 64.8 nmol C L' d”! in the ETSP (X =
4.8 nmol C L' d; SD = 4.5 nmol C L' d'; all stations). On
average, C; assimilation rates in the dark were 11.5 times lower
(SD =13.9; min = 0.2; max = 44.6) than in the light.

We also performed experiments using organic carbon sources
glucose and acetate during the ETNP cruises. In our experiments

with glucose, the calculated assimilation rates were also variable
among stations and were generally higher in the light (4 out of 6
stations) (Figure 4B). Although we found a strong negative
correlation between the distance to the coast and the difference
between the glucose assimilation rates in light and dark, it was
not statistically significant (r = -0.755; p = 0.083). However, there
was a strong negative and statistically significant correlation
(r = -0.918; p = 0.009) between SCM depth and the difference
between glucose assimilation rates in light and dark. That is,
there was greater stimulation by light in glucose uptake rates with
samples collected from a shallower SCM. The maximum uptake
rate recorded was in station T8 (cruise NH1410), with values of
72.1 nmol C L' d"! in incubations with light and 54.5 nmol C L™
d! in dark incubations. The lowest uptake rate was recorded in
station F8 (cruise NH14010) with values of 1.1 nmol C L' d™
during incubations with light and 0.8 nmol C L™" d! during dark
incubations (Figure 4D). The maximum difference between light
and dark uptake rates (19.7 nmol C L' d''; being 1.4-fold higher
during light incubations) was recorded at station ST6
(cruise RB1603).

We compared C; and glucose assimilation rates in the only
station that we have both measurements (cruise NH1410, St.
F8). The results showed that C; assimilation rate in the SCM
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exceeded assimilation of glucose by 26.7-fold during light
incubations and 2.1-fold during dark incubations
(Figure 4D). Additionally, we compared C; and glucose
assimilation rates for all stations. Our results showed that C;
assimilation rates (X = 43.7 nmol C L' d’%; SD = 59.8 nmol
CL'd % min=24nmolCL'd};max=157.4nmolCL'd")
were on average 1.3 times higher than glucose assimilation rates
(X =324 nmol CL" d;SD =322 nmol CL™" d"'; min = 1.1
nmol C L' d'; max = 72.1 nmol C L' d"') during light
incubations (Figures 4A, B). However, during dark
incubations, C; assimilation rates (X = 4.8 nmol C L' d'%;
SD = 4.5 nmol C L' d'}; min = 1.0 nmol C L'! d'}; max = 14.8

ETNP PCM
(n=38)
ETSP PCM
(n=6) H
ETNP SCM o .
(n=17)
ETSP SCM
(n=3%) H
ETSP top AMZ
(n=6) —
T T T T T
-32 -30 -28 -26 -24 -22 -20
FIGURE 3 | Boxplot of natural abundance of 8'°C (%.) of POC (0.3 — 3.0 um size fraction) during the ETNP and ETSP cruises. PCM indicates primary chlorophyll
maximum (top panel), SCM indicates secondary chlorophyll maximum and “ETSP top AMZ” indicates samples taken at the top of the AMZ when no SCM was
present (bottom panel). n is the number of measurements per group. The bars indicate the minimum and the maximum values, and the dots indicate the outliers.

nmol C L' d') were on average 5.7 times lower than glucose
assimilation rates (X = 27.7 nmol CL ' d™'; SD = 22.3 nmol C L™
d’; min = 0.8 nmol C L' d''; max = 54.5 nmol C L' d)
(Figures 4A, B), showing a prevalence of heterotrophic over
autotrophic metabolism at least when no light was present.

Three measurements of acetate assimilation rates were
performed in the ETNP (cruise RB1603) (Figure 4C). Results
showed a high variability among stations, with maximum
assimilation rates during light incubations in the station ST9
(203.7 nmol C L' d!) and minimum assimilation rates in station
ST12 (19.9 nmol C L™ d!). However, the data is insufficient to
identify a pattern between light and dark incubations.

TABLE 2 | Summary of the 8'3C in the particulate organic carbon (§'*C —POC; %.) in the primary chlorophyll maximum (PCM) and secondary chlorophyll maximum
(SCM) by cruise for the Eastern Tropical North Pacific (ETNP) and Eastern Tropical North Pacific (ETSP).

PCM SCM
depth (m) 5"'3C (%) depth (m) 3'3C (%o)

ETNP

Cruise Av. Max. Min. Av. SD Av. Max. Min. Av. SD
NH1410 98 -23.9 -29.9 -26.9 1.8
RB1603 72 -26.5 -30.3 -28.7 1.1 117 -29.4 -31.1 -30.1 0.6
ETSP

Cruise

NBP1305 90 -23.9 -23.9 -23.9 0.0
AT2626 24 -21.7 -28.0 -26.1 2.5 102 -24.5 -30.7 -28.3 2.4

Anoxic Layer

LowpHOX | 10 -24.5 -28.1 -25.7 1.3 100 -28.1 -31.0 -30.0 1.0
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TABLE 3 | Kruskal-Wallis test for the comparison among &' °C-ETNP SCM,
§'3C-ETSP SCM and 6'C-ETSP top AMZ (no SCM). K is Kruskal-Wallis test
statistic and DF is degrees of freedom.

Kruskal-Wallis test/Two-tailed test

K (observed value) 6.385
K (critical value) 5.991
DF 2
p-value 0.041
alpha 0.05

Test interpretation:

HO: The samples come from the same population.

Ha: The samples do not come from the same population.

As the computed p-value is lower than the significance level alpha = 0.05, one should
reject the null hypothesis HO, and accept the alternative hypothesis Ha.

DISCUSSION

Our results highlight the importance of picocyanobacteria
inhabiting the SCM for modifying the carbon cycle and the
isotopic composition of the POC at the top of the oxygen-
depleted layer in the AMZs. The structure of the water columns
of the stations sampled in both the ETNP and ETSP showed
the paradigmatic vertical structure reviewed by Ulloa et al. (2012).

The picophytoplanktonic communities inhabiting the SCM in
oxygen-depleted subsurface waters differed consistently from
those composing the PCM in the oxic surface waters in both
abundance and composition similar to previous observations
(Goericke et al., 2000; Lavin et al., 2010). Our results show
similar trends, with a PCM composed mainly by
Prochlorococcus (Av. Rel. Ab. = 40.3%) and Synechococcus-like
orange fluorescent cells (Av. Rel. Ab. = 39.3%), and with an
abundant community of PPE (Av. Rel. Ab. = 20.4%). In contrast,
the SCM picophytoplanktonic community was dominated
numerically by Prochlorococcus cells (Av. Rel. Ab. = 94.0%) and
to a lesser extent by orange-fluorescent cells (Av. Rel. Ab. = 5.1%)
and almost no detectable PPE (Av. Rel. Ab. <1%) (Table S2)
(Lavin et al., 2010; Garcia-Robledo et al., 2017; Aldunate et al.,
2020). The dominant wavelength of light in the SCM (or in the top
of the oxygen-depleted layer when no SCM is developed) is blue,
with intensities that are in the range of 2-5 umol photons m~ s™
(Garcia-Robledo et al., 2017). Thus, the great abundance of
Prochorococcus at such low light levels have been explained by
the high concentration of transmembrane divinyl chlorophyll a
and b complexes as their main photosynthetic light-harvesting
antennae, very efficient absorbing blue light (Moore and
Chisholm, 1999, Goericke et al., 2000). These SCMs, contributed
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a measurable signal in POC, enough to alter the §'*Cpoc in the top
of the oxygen-depleted layer. Also, assimilation rates showed that
when sufficient light and Prochlorococcus are present,
photosynthesis exceeds chemoautotrophic carbon fixation, and
can exceed heterotrophic assimilation of glucose or acetate,
indicating that chemoautotrophic activity, is normally less
important compared with photosynthesis when a SCM, formed
by AMZ Prochlorococcus, has developed below the oxycline.

Assimilative C Metabolism in the AMZ

POC samples (< 3 um) represent a mixture of carbon from living
and dead phytoplankton, non-fluorescent bacteria, archaea and
picoeukaryotes, as well as other components such as organic
detritus. 8"°Cpoc values depend partially on the isotopic
composition of the sources of carbon taken up by the
microorganisms composing POC (i.e. dissolved organic and
inorganic carbon) and the isotopic discrimination (¢) of the
enzymes involved in those processes (Blair et al., 1985).

In the surface, at the depth of the PCM, microorganisms
performing the Calvin-Benson-Bassham (CBB) cycle pathway
mediated by the enzyme RuBisCO typically dominate the
autotrophic community (e.g. Raven, 2009; Hiigler and Sievert,
2011; Ruiz-Fernandez et al., 2020). This enzyme can generate a
large kinetic isotopic fractionation against °C (e = 10 - 22%o;
Hayes, 2001), with plankton reported values of §'*Cpo¢ from -18
to -24%o in the surface waters (Barros et al., 2010; Podlaska et al.,
2012). However, in some stations, the PCM was developed in the
upper oxycline (Figure 2), where the aerobic ammonium
oxidation represents a very important process in our study
site, contributing up to 50% of the total dark carbon fixation
(Molina and Farias, 2009). This process fixes C; using 3-
hydroxypropionate/4-hydroxybutyrate cycles, and is associated
with Thaumarchaeota of the Marine Group I (Ruiz-Fernandez
et al., 2020). These ammonia-oxidizing archaea, with
Nitrosopumilus maritimus as a representative, strongly
discriminate against de '>C from the C; (¢ = 20%o) reaching
8"*C-biomass values of approximately -25.8%o (Konneke et al.,
2012). We found natural 8"°Cpoc values ranging from -30.3%o
to -26.5%o for the ETNP and from -28.0%o to -21.7%o in the
ETSP (Figure 3). Although within our data there were 8BCroc
values within the expected range for planktonic samples, most of
our data showed '>C-depleted values.

Alternative explanations could consider the size fraction of
the particles, since most studies consider POC > 0.45, 0.7, 0.8, or
1.0 um (Close and Henderson, 2020) while this study considered
the picoplanktonic fraction (0.3 to 3.0 um) leaving out larger
groups of phytoplankton e.g. diatoms, and selecting groups such
as Prochorococcus, Synechococcus and PPE. As large
phytoplankton such as diatoms often have higher 8"°Cpoc
values than small phytoplankton and heterotrophic
microorganisms (Hansman and Sessions, 2016), the exclusion
of these organisms in our POC samples would tend to remove
their '*C- enriched signature, explaining in part the depleted
83 Cpoc at surface.

In the major AMZs of the world, a partitioning of the marker
genes associated with different autotrophic carbon fixation

pathways has been reported along the oxygen gradient (Ruiz-
Fernandez et al., 2020), which fractionate against '*C
differentially (Preuf} et al., 1989). The oxygen-depleted layer
within the AMZs harbors a considerable chemoautotrophic
community, including anammox bacteria and sulfur-oxidizers
(Stevens and Ulloa, 2008) with metabolisms that strongly
fractionate against '>C, producing '’C-depleted biomass
(Schouten et al., 2017). Even though the CBB pathway is
dominant throughout the entire water column, the reductive
Acetyl-CoA pathway is a C-fixing pathway very important in
suboxic to oxygen-depleted layers (Ruiz-Fernandez et al., 2020),
is mainly associated to Planctomycetes of the genus Candidatus
Scalindua (anammox bacteria), and has a large enzymatic isotope
effect (¢ = 15 - 36%o; Hayes, 2001; Schouten et al., 2017).

The contrasting isotopic data from the stations sampled in the
upper part of the oxygen-depleted layer in the presence vs.
absence of an SCM can be interpreted as a consequence of the
biogeochemical effect of the SCM community in the AMZ. The
reduction of inorganic carbon by chemoautotrophs may lead to a
significantly greater depletion of '>C than that resulting from
photosynthetic fixation (Ruby et al., 1987; Hayes, 2001). Thus,
during our study, depleted '*C values in POC were found in the
top of the oxygen-depleted layer where the SCM was developed,
being markedly more depleted in the top of the oxygen-depleted
layer of the ETSP when no SCM was present (Figure 3). When
the SCM is present, Prochlorococcus and anammox bacteria may
compete for ammonium, and the cryptic oxygen production by
Prochlorococcus in the SCM also may repress anammox activity
(Aldunate et al., 2020) or autotrophic denitrification (Di Capua
etal, 2019). Thus, if no SCM is present, no oxygen is produced in
the top of the oxygen-depleted layer and anammox bacteria can
be important, explaining more depleted values. On the contrary,
when the SCM is present, other (micro)aerobic metabolisms
become important such as aerobic respiration and nitrite-
oxidation (Garcia-Robledo et al., 2017). A high abundance of
transcripts of nitrite oxidizing bacteria (genus Nitrospina) and
transcripts encoding nitrite oxidoreductase (nxr) have been
found within the SCM (Garcia-Robledo et al., 2017). This is
consistent with the metagenomic sequences related to the
reductive Tricarboxylic Acid (rTCA) cycle, found in dysoxic to
anoxic waters in the AMZ, which are associated to the
autotrophic carbon fixation in Nitrospina gracilis, a known
aerobic nitrite oxidizer (Ruiz-Fernandez et al., 2020). The
r'TCA pathway has lower enzymatic isotope effect (¢ = 9.5 -
20.1%o; House et al., 2003; Reid et al., 2013) compared with CBB
or Acetyl-CoA pathways. Furthermore, nitrite oxidation rates
have been shown to peak in the SCM (Ganesh et al., 2015), and
can be being comparable in magnitude with our Ci fixation rates
and with the Ci fixation rates and oxygen production reported by
Garcia-Robledo et al,, 2017. Actually, it has been shown that
nitrite oxidation rates have the potential to consume all the
oxygen produced in the SCM (Beman et al., 2021b).

In addition to autotrophs, the oxygen-depleted layer includes
heterotrophic microorganisms and part of its isotopic signature
comes from the isotopic effect during the assimilation
of dissolved organic carbon (DOC). The reported values of
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8"*C -DOC are relatively invariant with depth and geographic
region in the ocean, with values in the range of -20%o to -22%o
(Benner et al., 1997). As the isotopic effect during the
assimilation of DOC by heterotrophic microorganisms is very
low (0 to 1.9%o; (Fry and Sherr, 1989), it is assumed that the
heterotrophic community contribution to POC is only 0.1 to 2%o
heavier that 8'>Cpoc (Abelson and Hoering, 1961; Ingram et al.,
1973; Monson and Hayes, 1982; Blair et al., 1985). This
consideration implies that, the variations that we detect in the
8% Cpoc values between one sample and another would reflect
the variations in the autotrophic community composing POC
(photosynthesis, chemosynthesis). However, the oxidation or
remineralization of organic matter releases '*C-depleted
carbon back into the inorganic reservoir, making POC heavier
(Freeman, 2001). Thus, slightly higher 8*Cpoc values in the
oxygen-depleted layer, where a SCM is developed (relative to
when no SCM is developed) could indicate activity of
heterotrophic metabolisms.

This is consistent with the variations in the SCM §"*Cpoc
isotopic signals vs. the stations where there was no development
of a SCM, the §'*Cpoc values in the SCM being on average 3.3 %o
heavier (photosynthesis signal) than when there was no
development of a SCM (chemoautotrophy signal). This
changes also agrees with the findings of Vargas et al. (2021) for
the ETSP off Chile whose results suggest a dynamic shift, in
terms of carbon fixation, from a chemoautotrophic dominated
oxygen-depleted layer (absence of a SCM), to a largely
photoautotrophic/nitrifying system with predominance of
heterotrophic processes (development of a SCM). Thus, these
results highlight the importance of picocyanobacteria inhabiting
the SCM for modifying the carbon cycle and the isotopic
composition of the POC at the top of the oxygen-depleted
layer in the AMZs.

We were unable to factors that associated with the high
variability in 8"%Cpoc both in the PCM and SCM. Here it may
be important to consider that the POC and 8"Croc integrate
recent environmental history in a way that may not correlate well
with snapshots of instantaneous environmental variables. For
example, 8'*Cpoc may reflect physical dynamics, such as vertical
movements due to internal waves that could alter the light field,
affecting the relative rates of photosynthesis compared to other
metabolic processes. Alternatively, 8" Cpoc could also be affected
by trajectories in community dynamics that are not detected by
flow cytometry of single time points.

Carbon Assimilation Rates

C; assimilation was strongly stimulated by light, consistent with
the photosynthetic activity of Prochlorococcus in the SCM
(Garcia-Robledo et al., 2017), presenting higher assimilation
rates at the stations with greater relative abundance of
Prochlorococcus (Table 1, Table S2). Dark C; assimilation rates
were low at all stations (1 - 15 nmol C L' d™), and much lower
than the maximum C; assimilation rate observed in the light (157
nmol C L' d), indicating that chemoautotrophic activity,
probably associated with anammox or sulfur-oxidazing
bacteria (Stewart et al., 2012), is normally less important

compared with photosynthesis when light is available and a
SCM formed by AMZ Prochlorococcus has developed below the
oxycline. In addition, dark C; assimilation rates could also
include C; assimilation for metabolic pathways involved in
heterotrophic growth, such as fatty acid synthesis or
gluconeogenesis (Roslev et al., 2004). Nevertheless, at some
stations, such as station ST12 (RB) and H21 (NBP), C;
assimilation rates in light and dark incubations showed that
the chemoautotrophic activity becomes important when
photosynthetic activity is low (Figure 1A).

Glucose assimilation rates were variable among stations and
were in the range of the values reported in the Pacific Ocean by
Rich et al. (1996). Our data showed a strong negative and
statistically significant correlation (r = -0.918; p = 0.009)
between SCM depth and the difference between glucose
assimilation rates in light and dark. Thus, when the SCM
develops in more superficial depths (probably with higher
light), glucose assimilation is stimulated by light. On the
contrary, when the SCM develops at greater depths (lower
light), glucose assimilation is independent of light.

It has been pointed out that microorganisms associated with
Roseobacter and SARI11 clade contribute a large fraction of the
total glucose assimilation when there is a low concentration of
this carbon source and Flavobacteria (Bacteroidetes) can be
important when this carbon source is more concentrated
(Alonso and Pernthaler, 2006). Roseobacter and Flavobacteria
have been found in the oxic surface waters overlaying the
oxygen-depleted layer in the AMZs, and only SARII is
important in the oxygen-depleted layer where the SCM is
developed (Stevens and Ulloa, 2008). Although much of this
glucose assimilation may be due to the presence of SARII,
Prochlorococcus might also contribute. There is evidence that
other ecotypes of Prochlorococcus (different from those found in
oxygen-depleted SCM) use glucose both in laboratory studies
(Gomez-Baena et al., 2008) and in the environment (Van
Wambeke et al., 2018). In fact, a study at the North Pacific
Subtropical Gyre showed that Prochlorococcus glucose
assimilation rates peak during the day (our experiments were
developed in diel time) while rates in the whole community peak
during the night-early morning (Mufioz-Marin et al.,, 2021).
Thus, if glucose is available in the SCM (<1% light
environment), Prochlorococcus might be using it, competing
with SARI1 and other heterotrophic organisms that inhabit
the SCM.

Acetate is another important organic carbon source in the
ocean and can be produced during the anaerobic degradation of
complex organic matter and especially during fermentation
(Sansone, 1986; Canfield, 1993; Kristensen et al., 1995). This
organic carbon source is especially important in sediments
(Boschker, 2001), but also has been reported in the water
column (Wu et al,, 1997; Zhuang et al, 2019). Maximum
assimilation rates have been found in the oxic surface waters
and near the suboxic/anoxic interface, suggesting that acetate
cycling may be important both in oxic and oxygen-depleted
environments (Ho et al., 2002). Acetate is used by both
heterotrophic organisms (Zhuang et al., 2019), and by
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different phytoplankton groups (Combres et al., 1994; Bouarab
et al,, 2004; Liang et al., 2009; Zhang and Bryant, 2015; Godrijan
et al., 2020), including Synechococcus (Ihlenfeldt and Gibson,
1977; Yan et al, 2012). Our results showed variable acetate
assimilation rates, with similar variability and magnitude to that
shown by Ho et al. (2002) in suboxic/anoxic interface. Although
we only have three measurements and a pattern has not been
found, speculate that sulfate-reducing bacteria might be
important in the assimilation of acetate in darkness (Fauque,
1995), while light might stimulate a photoheterotrophic and/or
mixotrophic metabolism by numerically important groups
at these depths such as members of the SARI1 clade
or Prochlorococcus.

SUMMARY AND CONCLUSIONS

It has been suggested that anoxic marine zones are in expansion
(Stramma et al., 2008), so the anoxic layer boundaries will move to
shallower depths, overlapping more frequently with the photic
layer (Gilly et al., 2013). This overlap stimulates the presence of a
SCM, which has little-known biogeochemical effects (Garcia-
Robledo et al,, 2017; Beman et al,, 2021a). Our results suggest
that the presence of SCM has a biogeochemical effect on the layer
where it develops, enough to alter §"°C of POC in the top of the
oxygen-depleted layer and reflected in the significant differences
between 8'>Cpoc values found in samples from below the oxycline
in presence vs. absence of a SCM, with the samples from a SCM
3.3%o heavier on average. The reduction of inorganic carbon by
chemoautotrophs may lead to a significantly greater depletion of
°C than that resulting from photosynthetic fixation (Ruby et al.,
1987; Hayes, 2001). Therefore, more depleted 8"Cpoc values
when no SCM was present might indicate a stronger
chemoautotrophic activity compared with more enriched values
when SCM was present. Anammox bacteria and sulfur-oxidizers
are important chemoautotrophic groups inhabiting the oxygen-
depleted layer of the AMZ (Stevens and Ulloa, 2008; Stewart et al,
2012; Beman et al., 2021a), with anammox bacteria associated to
the Acetyl-CoA carbon fixation pathway (Ruiz-Fernandez et al.,
2020) that strongly fractionate against '>C, producing ">C-
depleted biomass (Schouten et al, 2017). On the other hand,
when the SCM is present, photosynthesis and (micro)aerobic
metabolisms become important as the aerobic respiration and
nitrite-oxidation (Garcia-Robledo et al., 2017). Therefore,
picocyanobacteria inhabiting the SCM perform an important
role modifying the carbon cycle and the isotopic composition of
POC at the top of AMZs.

Our estimates of assimilation of inorganic and organic carbon
sources by microbial communities inhabiting the oxygen-
depleted SCM have provided useful information about the
dominant assimilatory pathways. The layer immediately below
the oxycline in AMZs is strongly influenced by the presence or
absence of AMZ Prochlococcus and their relative abundance in
the picoplanktonic community and this is reflected in the
enhanced of C; assimilation rates when light is present. C;
assimilation rates in the dark (chemoautotrophic activity) are

probably associated with anammox or sulfur-oxidizing bacteria
(Stewart et al., 2012) and do not reach the same maximum
magnitudes that photosynthetic carbon fixation can reach when
an SCM develops. Glucose assimilation was also stimulated by
light (photoheterotrophy) and, although there are a variety of
microorganisms that can use light as an energy source to
assimilate organic carbon, the most abundant in the oxygen-
depleted layer are SAR11 and Prochlorococcus. Despite the
fact that we only have three measurements of acetate
assimilation in the SCM, and a pattern has not been found, we
detected stimulation by light in one occasion, suggesting
photoheterotrophic and/or mixotrophic metabolisms, which we
suggest could performed by numerically important groups at
these depths such the SARI11 clade or AMZ Prochlorococcus.
When there is no light stimulation, the assimilation of
acetate might result from organisms such as sulfate-
reducing bacteria (Fauque, 1995). Therefore, when light and
sufficient Prochlorococcus are present, photosynthesis
exceeds chemoautotrophic carbon fixation, and can exceed
heterotrophic assimilation of glucose or acetate. Furthermore,
oxygen produced by Prochlorococcus may be suppressing
anammox activity, explaining the low chemoautotrophic carbon
fixation when SCM is present. However, in the majority of the
stations, both the maximum glucose and acetate assimilation
rates exceeded carbon fixation rates, supporting that the SCM is
often still a net heterotrophic system.
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