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Abstract Prokaryotes play a fundamental role in global ocean biogeochemical cycles. However, how the abundance and
metabolic activity of ecologically distinct subgroups (i.e., high nucleic acid (HNA) and low nucleic acid (LNA) cells), and their
regulating factors, change in response to changing marine environmental conditions remains poorly understood. Here, we delved
into the time-evolving dynamic responses of the HNA and LNA prokaryotic subgroups to declining resource availability and
selective grazing by protozoa by conducting a 73-day incubation experiment in a large-volume (117,000 L) macrocosm that
facilitates community-level exploration. We found that the metabolic activity of the HNA subgroup was higher than that of the
LNA subgroup when the macrocosm was resource replete but that the HNA subgroup declined more rapidly than the LNA
subgroup as the resources became increasingly scarce, leading to a steadily increasing contribution of LNA cells to prokaryotic
activity. Meanwhile, as resources in the macrocosm became limited, protozoan grazing preference shifted from the HNA to the
LNA subgroup and the contributions of the LNA subgroup to the carbon flow within the macrocosm increased. The findings
highlight the resilience of LNA cells in resource-limited environments, illuminate the critical role of selective grazing by
protozoa in balancing distinct prokaryotic subgroups under changing resource conditions, and demonstrate the complex and
adaptive interactions between protozoa and prokaryotes across diverse environmental contexts.
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1. Introduction

Prokaryotes are the most substantial living biomass reservoir
(Suttle, 2007) and integral constituents of the microbial loop
in aquatic ecosystems (Azam et al., 1983). Prokaryotes also
play a fundamental role in global ocean biogeochemical
cycles. Given this essential role, even minor alterations in
prokaryotic abundance and metabolic activity can pro-
foundly impact the structure and function of marine eco-
systems (Edwards and Richardson, 2004; Morán et al.,
2010). Therefore, understanding how prokaryotic abundance
and metabolic activity, and their regulating factors, respond
to changes in the marine environment is critical to accurately
predict future ocean ecosystem changes.
Prokaryotic abundance and metabolic activity are con-

trolled by both bottom-up factors such as resource avail-
ability (Kirchman, 2008) and top-down factors such as
mortality caused by grazing or lysis (Sanders et al., 1992;
Thingstad and Lignell, 1997). Among the top-down factors,
protozoa (notably flagellates and ciliates) are the most im-
portant grazers (Sieburth et al., 1978; Worden et al., 2015).
They significantly influence prokaryotic abundance, com-
munity composition, and metabolic activity, and the transfer
of energy and nutrients along the microbial loop to the upper
trophic levels; they also act as an essential link in the marine
food web (Azam et al., 1983). In estuaries (Painchaud et al.,
1996) and offshore areas (Unrein et al., 2007; Pearce et al.,
2010), protozoan grazing can contribute to as much as 100%
of the prokaryotic mortality.
Selective grazing, where protozoa selectively graze on

moderate-sized taxa over oversized or undersized taxa, has
been proposed as a mechanism by which protozoa contribute
to prokaryotic community succession (Pernthaler, 2005). In
addition to the size-based grazing preference, selective
grazing can be triggered by the metabolic activity of the prey
(Sintes and Giorgio, 2014). For example, two subgroups of
prokaryotes with different nucleic acid contents as de-
termined by flow cytometry, namely high nucleic acid
(HNA) cells and low nucleic acid (LNA) cells, display
markedly distinct physiological, ecological, and metabolic
characteristics (Li, 1995; Gasol and Morán, 1999; Bouvier
and Giorgio, 2007; Hu et al., 2020). Previous studies have
revealed that protozoa tend to graze on the metabolically
more active HNA cells (Gonzalez et al., 1990; del Giorgio et
al., 1996; Sintes and del Giorgio, 2014; Hu et al., 2020). In
contrast, the diminutive size and reduced metabolic rates of
LNA cells, enable them to persist and prevail under pro-
nounced grazing pressure (Segovia et al., 2018). However,
the degree of selective grazing by protozoa may be affected
by many factors, such as the abundance of bioavailable re-
sources. For instance, Baltar et al. (2016) observed that the
protozoan grazing pressure in a simulated algal bloom cul-
ture environment intensified with increasing nutrient levels

and significantly impacted bacterial abundance. Hu et al.
(2020) showed that protozoa displayed a marked preference
for the HNA subgroup over the LNA subgroup in the nu-
trient-rich coastal regions off the Pearl River Estuary,
whereas such selective grazing waned as the ambient nu-
trient concentrations decreased with increasing distance from
the estuary to the open ocean.
Collectively, previous studies have demonstrated the in-

tricate interactions between selective grazing by protozoa
and the metabolic activity of prokaryotes under different
levels of resource availability. However, some investiga-
tions were conducted in a small-volume incubation system,
which is prone to the “bottle effect”, where the limited size
of the closed incubation system significantly influences
microbial growth and fails to accurately mimic the dy-
namics of the natural environment. In addition, some stu-
dies were field surveys, which capture only a snapshot in
time and rely on correlational inferences to deduce causal
relationships among nutrient resources, prokaryotes, and
protozoa.
To overcome these limitations, we conducted a 73-day

incubation experiment in a large-volume (117,000 L) mac-
rocosm, which avoids the bottle effect and allows time-series
sampling and analysis of various parameters. Throughout the
incubation, we analyzed the time-evolving dynamics of re-
source availability, prokaryotic abundance and activity,
protozoan grazing-mediated mortality of the HNA and LNA
subgroups, potential carbon production during prokaryotic
growth, and carbon lost mediated by protozoan grazing. This
comprehensive analysis allowed us to confirm whether
protozoa exert selective grazing pressure on distinct pro-
karyotic taxa, specifically the HNA and LNA subgroups, and
how the efficacy of selective grazing fluctuates with changes
in bioavailable nutrient levels. Subsequently, we constructed
a diagram of carbon flow within the incubation system to
quantify the contributions of distinct prokaryotic groups to
carbon flow within the microbial loop. The findings illumi-
nate the role of selective grazing by protozoa in balancing the
HNA and LNA subgroups under changing resource condi-
tions, which is crucial for the stability and efficiency of the
microbial loop, and highlight the complex and adaptive in-
teractions between protozoa and prokaryotes across diverse
environmental contexts.

2. Materials and methods

2.1 Experimental setup and measurement of environ-
mental parameters

The Aquatron Tower Tank, a large-volume indoor macro-
cosm situated at Dalhousie University in Canada, was used
as the incubation system. The tank is 10.6 meters in height
and 3.7 meters in diameter, holding approximately 117,000 L
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of natural seawater (Appexdix Figure S1, https://link.
springer.com). The seawater was collected from the Halifax
coastal sea (44°37′1.77″N, 63°33′23.86″W), promptly fil-
tered through a 300-μm mesh, and then filled into the tank.
The enclosed macrocosm was incubated in darkness, under
ambient temperature, and without external input for a total of
73 days, from September to December 2017. Throughout the
incubation period, samples for further analyses were col-
lected from the surface (1 m) and bottom (9 m) layers of the
tank, with a high sampling frequency of approximately every
2 to 4 days during the first 16 days and nearly every week
thereafter. The biological samples, namely those for mea-
suring prokaryote and nanoflagellate abundance and dilution
experiments, were pre-filtered through a 20-μm mesh to re-
move larger particles and plankton.
Vertical profiles of temperature, salinity, and dissolved

oxygen (DO) concentrations in the entire water column of
the tank were recorded every 2 days throughout the in-
cubation period using a Multiparameter Sonde (YSI EXO,
YSI Incorporated, USA). Concentrations of inorganic nu-
trients at the surface and bottom layers, including ammonium
(NH4

+), nitrite (NO2
–), nitrate (NO3

–), silicate (SiO4
4–), and

phosphate (PO4
3–), were measured in triplicate samples using

a Skalar SAN++ autoanalyzer, following previous meth-
odologies (Shi and Wallace, 2018).

2.2 Microbial abundance

For the enumeration of prokaryotes, 2-mL subsamples were
fixed with glutaraldehyde (0.5% final concentration) at room
temperature for 15 min, followed by storage at –80°C after
flash-freezing in liquid nitrogen. Autotrophic picoplankton,
including Synechococcus and pigmented picoeukaryotes,
were enumerated directly using flow cytometry (BD Accuri
C6, USA) without staining, following an established proto-
col (Marie et al., 1999). The abundance of prokaryotes, in-
cluding bacteria and archaea, was ascertained by staining
with SYBR Green I (Molecular Probe, United States) and
measuring the fluorescence by flow cytometry as described
for picoplankton. Fluorescent beads (Molecular Probes) with
a diameter of 1 μm were used as an internal standard during
flow cytometric determination.
The HNA and LNA prokaryotic subgroups were dis-

tinguished based on their respective signatures in the cyto-
gram plot of side scatter (SSC) versus green fluorescence, as
delineated by Gasol et al. (1999). Flow cytometric data
analysis was conducted using FlowJo vX.0.7 software (Tree
Star, USA).

2.3 Nanoflagellate abundance and biomass

To quantify the abundance of heterotrophic nanoflagellates
(HNF), the following steps were employed: 50-mL sub-

samples were fixed with glutaraldehyde to a final con-
centration of 1%, collected on 0.45-μm polycarbonate black
filters, and stained with DAPI (4,6-diamidino 2-pheny-
lindole) at a final concentration of 10 μg mL−1, following
established protocols (Sherr et al., 1993; Yang et al., 2020).
HNF were counted along several transects using epi-
fluorescence microscopy (Olympus BX51, Olympus Amer-
ica Inc., Center Valley, PA, USA) at ×1000 magnification. At
least 50–100 HNF cells were counted in at least 25 fields per
filter to ensure statistical rigor. HNF biovolumes were cal-
culated from cell geometries as described by Pasulka et al.
(2015), and carbon biomass was calculated according to
Menden Deuer and Lessard (2000).

2.4 Dilution experiment and estimation of growth and
mortality rates

A serial dilution technique was utilized to estimate prokar-
yotic gross growth and mortality mediated by protozoan
grazing (Landry and Hassett, 1982; Jochem et al., 2004).
Seawater was passed through a 20-μm mesh and subse-
quently filtered using a tangential flow filtration system with
0.2-μm pore size polyvinylidene difluoride cartridges
(Labscale, Millipore, USA) to generate grazer-free diluents
(Figure S2). The polycarbonate bottles used in the experi-
ments were acid-cleaned with 10% HCl and rinsed thor-
oughly with Milli-Q water. The diluents were added to 250-
mL polycarbonate bottles in proper proportions to create a t0
dilution series consisting of 20%, 40%, 60%, and 100%
whole seawater. For each t0 bottle, triplicate 50-mL poly-
carbonate bottles were rinsed twice with the diluent and
gently filled with the diluent via siphoning to minimize harm
to grazers and prokaryotes. Following these preparatory
steps, the 50-mL polycarbonate bottles (12 bottles in total for
each experiment) were incubated at room temperature in the
dark for 24 h. Triplicate 2-mL samples were collected at the
beginning and end of the incubation to estimate prokaryotic
abundance.
The net growth rate of the prokaryotes (k, d−1) was cal-

culated for each sample based on the prokaryotic abundance
at the start (t0) and the end (t) of the incubation experiment
(N0 and Nt, respectively), assuming exponential growth
(Landry and Hassett, 1982; Jochem et al., 2004):

k
N
N

t t=
ln

. (1)
t

0
0

The slope of the regression of the net growth rate versus
the dilution factor was interpreted as the protozoan grazing-
mediated specific prokaryotic mortality rate (PMM). The
prokaryotic gross specific growth rate (PGG) was de-
termined as the y-intercept value of the regression line. PGG
and PMM rates were calculated separately for the HNA and
LNA prokaryotic subgroups.
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2.5 Carbon production and losses

To calculate the daily quantities of carbon generated by
prokaryotic production and carbon loss mediated by proto-
zoan grazing, we assumed that the prokaryote population
dynamics can be depicted by the following differential
equation model (Landry et al., 1995; Biggs et al., 2021):

N
t Nd

d = (PGG PMM) , (2)

where N represents prokaryotic abundance at time t.
Assuming that the specific growth and mortality rates re-

main constant over the adequately short time interval, the
differential equation can be solved as follows:

N t N( ) = e . (3)( )t
0

PGG PMM

The total number of prokaryotic cells generated over a time
span t (PAt), assuming that PGG and PMM are unchanged
within the time span, can be estimated by integrating the
production rate over time:

t tPA PGG × N( )d . (4)t
0

t

Incorporating eq. (3) into eq. (4) and performing sub-
sequent integration yields:

( )N NPA = PGG
PGG PMM e . (5)( )

t
t

0
PGG PMM

0

Similarly, the total number of prokaryotic cells lost due to
grazing over a time span t (PLt) can be calculated as follows:

( )N NPL = PMM
PGG PMM e . (6)( )

t
t

0
PGG PMM

0

We calculated daily rates of PA and PL, by selecting a time
interval t=1 day, in line with the 24-h incubation period used
in the dilution assays.
Furthermore, to convert cell numbers to prokaryotic bio-

mass and obtain the prokaryotic gross bacterial production
(PBP) and protozoan grazing-mediated carbon loss (PMC),
the total number of cells produced and lost (i.e., PA and PL)
were multiplied by the average carbon content of the pro-
karyotic cell (12.4 fg C cell–1) determined from a previous
investigation (Fukuda et al., 1998).
In this study, alterations in carbon flow due to other

pathways were collectively accounted for by calculating the
difference between PBP, PMC, and ΔBB, where ΔBB de-
notes the change in prokaryotic biomass during the incuba-
tion experiment.

2.6 Statistical analysis

Shapiro-Wilk W tests were utilized to assess data normality
before analysis, and logarithm transformation was performed
as necessary. A least-square regression analysis was con-
ducted to examine the relationship between the net growth
rate and fractions of the grazer-free dilution series. Sig-

nificant differences between samples were determined using
paired t-tests. The relationships between prokaryotic para-
meters (i.e., HNA and LNA abundance, PGG of the HNA
and LNA subgroups (PGG-H and PGG-L, respectively), the
ratio of LNA abundance to total prokaryotic abundance
(LNA%), and the ratio of LNA gross growth rate to HNA
gross growth rate (PGG-L/PGG-H)) and abiotic and biotic
variables were scrutinized using Pearson’s correlation ana-
lysis with a significance level (α) of 0.05. A linear regression
model was employed to characterize the following: (1) the
relationship among the abundances of HNA, LNA, and HNF,
LNA%, and the incubation time during two different phases
of the experiment (i.e., P1 and P2); (2) the relationship
among PGG-H, PGG-L, PMM-H, PMM-L, PGG-L/PGG-H,
and PMM-L/PMM-H and the incubation time during two
different phases of the experiment (i.e., P1 and P2). Graph-
Pad Prism 7 (GraphPad, USA) software was employed for
the above statistical analyses. Redundancy analysis (RDA)
was used to evaluate the variation in prokaryotic abundance
and gross growth due to protozoan dynamics and environ-
mental factors using R statistical software (R Development
Core Team, 2012). The response variables were HNA and
LNA abundance, PGG-H, PGG-L, and PGG-L/PGG-H, and
the explanatory variables were HNF abundance, PMM-H,
PMM-L, PMM-L/PMM-H, nitrogen nutrient concentrations
(i.e., nitrite, nitrate, and ammonium), and DO. The sig-
nificance of the axes was ascertained by Monte Carlo per-
mutation tests with 9999 permutations. All tests were
considered significant at P<0.05.

3. Results

3.1 Physical and chemical characteristics of the mac-
rocosm

Throughout the incubation experiment, a stable hydrologic
condition was maintained in the macrocosm, as evidenced by
a nearly uniform vertical distribution of salinity (Figure S3a)
and dissolved oxygen concentration (Figure S3c). In addi-
tion, other parameters such as temperature and nutrient
concentrations showed similar changes over time in the
surface and bottom layers. Specifically, surface and bottom
temperature increased from 17.7 °C to a peak value of
20.5 °C on day 36 and then slightly dropped to 19.5 °C on
day 48; the temperature then dropped to 18.3 °C and re-
mained the same till the end of the incubation experiment
(Figure S3b).. Surface and bottom nitrite concentrations re-
mained low (<0.8 μmol L–1) (Figure S4a). Ammonium
concentrations decreased from 3.31–3.36 μmol L–1 to
0 μmol L–1 during the initial 40 days, and subsequently in-
creased to 0.2 μmol L–1 in the surface layer and
0.36 μmol L–1 in the bottom layer (Figure S4b). Nitrate
concentrations peaked on day 40 (10.40 μmol L–1) and day

4 Hu C, et al. Sci China Earth Sci



56 (10.56 μmol L–1) in the surface and bottom layers, re-
spectively (Figure S4c). Silicate and phosphate concentra-
tions in the macrocosm ecosystem changed little throughout
the incubation period (Figure S4d and S4e). More details
about the temporal variations in temperature, salinity, and
dissolved oxygen are described in Xiao et al. (2022), and
variations in nutrients are described in Zhang et al. (2021).

3.2 Microbial abundance

HNA abundance varied significantly during the incubation
period (Figure 1a), decreasing from initial values of (4.37–
4.51)×105 cells mL–1 to (2.99±0.16)×105 cells mL–1 in the
surface layer and (2.42±0.19)×105 cells mL–1 at the bottom
layer on day 16. The cell number approximately doubled by
day 20, and then progressively declined until day 73. Linear
regression analysis at different incubation time periods re-
vealed significant decreases for both days 0–16 (P<0.0001)
and days 16–73 (P<0.0001) (Figure 1a).
Changes in LNA abundance largely mirrored those in

HNA abundance, albeit with less fluctuations. The initial
LNA abundance was (4.63±0.11)×105 cells mL–1 in the
surface layer and (4.54±0.22)×105 cells mL–1 in the bottom
layer, almost equivalent to the initial HNA abundance. The
decrease in LNA abundance from day 0 to day 16 was
smaller than that of HNA; there were (3.67–3.77)×105 cells
mL–1 on day 16, which was higher than the number of HNA
cells (Figure 1b). After day 16, LNA abundance slightly
increased, followed by a dramatic drop on day 40 and a
gradual decline for the remaining incubation period.
Conversely, HNF abundance in the surface and bottom

layers gradually increased (P<0.003) from initial values of
295–336 cells mL–1 to a peak of 538–599 cells mL–1 on day
16, and then markedly decreased (P<0.001) to nearly half of
the initial abundance (160–182 cells mL–1) by the experi-
ment’s end (Figure 1c).
Intriguingly, the ratio of LNA abundance to total prokar-

yotic abundance (LNA%) significantly increased during the
initial 0–16 days, from about 50% on day 1 to 55%–58% on
day 16 (Figure 1d). LNA% dipped below 50% on day 20, but
increased again, though moderately, throughout the remain-
ing incubation period, approaching nearly 60% by the ex-
periment’s end.
Given the distinct variations in microbial abundance be-

tween incubation days 0–16 and 16–73, we present our
analysis in two separate phases hereafter. Phase 1 (P1) en-
compasses the incubation period from day 0 to day 16 when
nutrients were being depleted, while Phase 2 (P2) spans day
16 to day 73 when even more nutrients were being depleted.

3.3 Microbial activities

During P1 (days 0–16), the prokaryotic gross growth rate for

the HNA subgroup (PGG-H) remained stable, fluctuating
between 1.57–3.20 d–1, peaking on day 4. The non-sig-
nificant linear regression results indicated that the HNA
subgroup was not resource-limited at this phase. However,
during P2 (days 16–73), the PGG-H significantly decreased,
as evidenced by the significant negative linear relationship
between PGG-H and time (P=0.001) (Figure 2a). Con-
versely, the LNA subgroup’s gross growth rate (PGG-L)
oscillated during P1 and stabilized during P2. The PGG-L
gradually decreased throughout the incubation process
(P=0.02) but at a lower rate than PGG-H (Figure 2b).
The PGG-L/PGG-H ratio indicates the relative importance

of the LNA and HNA subgroups to the activity of the pro-
karyotic community. PGG-L/PGG-H ranged from 0.07–0.22
during P1, suggesting that the HNA subgroup was the pri-
mary contributor to the prokaryotic activity. However, PGG-
L/PGG-H increased to 0.6 during P2, revealing an increas-
ingly larger contribution of the LNA subgroup to the total
prokaryotic activity (Figure 2c).
The protozoan grazing-mediated mortality of the HNA

subgroup (PMM-H) mirrored the changes in PGG-H, in-
dicating a stable protozoan grazing pressure on the HNA
subgroup during P1 (Figure 2d). In contrast, the grazing
pressure of protozoa on the LNA subgroup (PMM-L) re-
mained stable and fluctuated throughout the entire incuba-
tion, ranging from 0.10 to 0.25 d–1 (Figure 2e).
The PMM-L/PMM-H ratio reflects the strength of the se-

lective grazing by protozoa on the LNA and HNA sub-
groups. During P1, the PMM-L/PMM-H was as low as 0.07
(surface layer on day 16), indicating that protozoa had a
strong preference for the HNA subgroup. However, as the
incubation experiment progressed, the PMM-L increased
significantly (P=0.02), reaching 0.73 (bottom layer on day
64) (Figure 2f).

3.4 Abiotic and biotic drivers of prokaryotic abun-
dance and activities

Pearson correlation analysis identified potential drivers of
prokaryotic abundance and activities (Figure 3). During P1,
HNA abundance was strongly and positively correlated with
silicate concentration (r=0.5, P<0.05), nitrite concentration
(r=0.80, P<0.05), DO concentration (r=0.57, P<0.05), am-
monium concentration (r=0.6, P<0.05), and phosphate con-
centration (r=0.5, P<0.05), but negatively correlated with
HNF abundance (r=–0.62, P<0.05). The abundance of the
LNA subgroup exhibited similar relationships with all
abiotic and biotic factors except for silicate concentration.
LNA% showed analogous but inverse correlation results
compared with those of HNA and LNA abundance, and it
was positively correlated with HNF abundance (r=0.52,
P=0.1). No significant relationship was found between pro-
karyotic activities (PGG) and environmental factors.
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During P2, HNA and LNA abundance remained sig-
nificantly and positively correlated with nitrite and ammo-

nium concentrations but negatively correlated with nitrate
concentration. HNF abundance correlated positively with

Figure 1 Dynamics of microbial abundance and the ratio of low nucleic acid (LNA) prokaryotic abundance to total prokaryotic abundance in the surface
(red) and bottom (blue) layers of the Aquatron macrocosm. (a) High nucleic acid (HNA) prokaryote; (b) LNA prokaryote; (c) heterotrophic nanoflagellate
(HNF) abundance; (d) the ratio of LNA abundance to total prokaryotic abundance (LNA%). The standard deviation is indicated by error bars. Regression
analysis was performed separately for each data set during P1 (days 0–16) and P2 (days 16–73), and the regression results (R2 and P) are shown next to the
regression curves, with gray areas representing confidence intervals.

Figure 2 Dynamics of microbial activities and the ratio of LNA activities to HNA activities in the surface (red) and bottom (blue) layers of the Aquatron
macrocosm. (a) Prokaryotic gross growth rate for HNA (PGG-H). (b) Prokaryotic gross growth rate for LNA (PGG-L). (c) The ratio of PGG-L to PGG-H
(PGG-L/PGG-H). (d) Protozoan grazing-mediated HNA mortality rate (PMM-H). (e) Protozoan grazing-mediated LNA mortality rate (PMM-L). (f) The ratio
of PMM-L to PMM-H (PMM-L/PMM-H). The standard deviation is represented by error bars. Regression analysis was performed separately for each data set
during P1 (days 0–16) and P2 (days 16–73), and the regression results (R2 and P) are shown next to the regression curves, with gray areas representing
confidence intervals.
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both HNA and LNA abundance. LNA% was negatively
correlated with DO and HNF abundance and positively
correlated with phosphate. PGG-H correlated positively with
bioavailable nitrite and ammonium concentrations, but there
was no significant relationship between PGG-L and other
abiotic factors. PMM-L/PMM-H exhibited negative corre-
lations with prokaryotic abundance and PGG-H, whereas
PGG-L/PGG-H was significantly and negatively correlated
with nitrite and ammonium and positively correlated with
nitrate, differing from the correlations observed during P1.
RDA was employed to further examine the potential ef-

fects of biotic and abiotic factors on changes in HNA and
LNA subgroup abundance, gross growth rate, and relative
contribution to the prokaryotic community throughout the
incubation (Figure 4). The analysis revealed that variations
in PMM-H, changes in protozoan grazing selectivity (char-
acterized by PMM-L/PMM-H), and the interconversion be-
tween nitrate and nitrite were the primary factors affecting
prokaryotic abundance, metabolic activity, and the relative
contributions of the HNA and LNA subgroups throughout
the incubation. Interestingly, distinct factors drove these
changes during P1 and P2. During P1, PMM-H and PMM-L/
PMM-H were the main factors responsible for changes in
prokaryotic abundance and HNA metabolic activity. In
contrast, during P2, the interconversion between nitrate and
nitrite played a more significant role, influencing the changes

in the relative contribution of the LNA subgroup to prokar-
yotic metabolic activity.

3.5 Alteration of carbon flow in the HNA and LNA
subgroups

The prokaryotic gross bacterial production (PBP) and pro-
tozoan grazing-mediated carbon loss (PMC) of the HNA and
LNA subgroups were estimated and compared to assess the
channeling of carbon flow by prokaryotic activities during
incubation, i.e., to determine whether the carbon cycling
within the macrocosm was dominated by the HNA or LNA
subgroup and what energy sources are needed for protozoa to
maintain their survival (Figure 5).
The PBP of the HNA subgroup (PBP-H) exhibited a dy-

namic pattern during P1, peaking on day 4 (40.47–52.55 μg
L–1 d–1) and rapidly decreasing thereafter (7.54–12.53 μg L–1

d–1 on day 16). During P2, PBP-H slightly increased before
declining rapidly, remaining at 1.01–1.82 μg L–1 d–1 during
the end of P2 (Figure 5a). PMC of the HNA subgroup (PMC-
H) mirrored PBP-H throughout the incubation (Figure 5b).
Overall, an average of 67% of PBP-H was diverted through
protozoan grazing on the HNA subgroup and transferred to
upper trophic levels along the microbial loop.
In contrast, the PBP of the LNA subgroup (PBP-L) did not

change as dramatically as PBP-H during the incubation,

Figure 3 Pearson correlation coefficients between prokaryotic parameters (i.e., HNA and LNA abundances, the ratio of LNA abundance to total pro-
karyotic abundance (LNA%), gross growth rates of the HNA (PGG-H) and LNA (PGG-L) subgroups, and the ratio of PGG-L to PGG-H (PGG-L/PGG-H))
and abiotic (i.e., dissolved oxygen (DO), nitrite (NO3), nitrate (NO2), ammonium (NH4), silicate (SiO4), and phosphate (PO4)) and biotic variables (i.e., HNF
abundance, the protozoan grazing-mediated mortality of the HNA (PMM-H) and LNA (PMM-L) subgroups, and the ratio of PMM-L to PMM-H (PMM-L/
PMM-H)) for Phase 1 (P1; days 0–16) and Phase 2 (P2; days 16–73).Only statistically significant correlations are shown (P<0.05).
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ranging from 0.76 to 5.1 μg L–1 d–1 (Figure 5c). However,
during P2, the ratio of PBP-L to PBP-H progressively in-
creased. Although the PMC of the LNA subgroup (PMC-L)
remained relatively stable throughout the incubation, the
ratio of PBP-L consumed by protozoa varied significantly.
Approximately 69% of the PBP-L was consumed by proto-
zoa during P1, similar to the fraction of PBP-H consumed by
protozoa (Figure 5d). However, during P2, over 100% of
PBP-L was allocated to protozoa, which is considerably
higher than the percentage of PBP-H.
We further scrutinized the fluctuations in carbon flow

through the microbial loop within the enclosed system dur-
ing P1 and P2 (Figure 6). At the initial stage of the incuba-
tion, HNA and LNA biomasses were 8.51 μg L–1 and
6.99 μg L–1, respectively. The average PBP reached 20.95
μg L–1 d–1, with HNA metabolism contributing 91% and
LNA a mere 9%. Moreover, the metabolic demand of pro-
tozoa was predominantly met from the consumption of HNA
(11.25 μg L–1 d–1) and, to a lesser degree, LNA (1.25 μg L–1

d–1). The carbon budget balance (8.73 μg L–1 d–1) was pre-
sumably released back into the environment, facilitating re-
source recycling. The energy transfer ratio, owing to

Figure 4 Redundancy analysis (RDA) reveals fluctuations in prokaryotic abundance and activities (response variables, in red) due to protozoan dynamics
and environmental factors (explanatory variables, in blue). The numbers represent the sampling day and capital letters represent the sampling layer (i.e., S
denotes the surface layer and B denotes the bottom layer) during the incubation period. Red and green dots mark the sampling days during Phase 1 (P1; days
0–16) and Phase 2 (P2; days 16–73), respectively. All explanatory variables in the RDA model were significant (P<0.05). The RDA model explains a total
variation of 78.64%.
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protozoan grazing and resource recycling, reached 1.43
during P1.
Entering P2, the biomasses of HNA and LNA decreased to

2.60 μg L–1 and 3.66 μg L–1, respectively. The average PBP-
H decreased to 6.01 μg L–1 d–1, representing a mere 32% of
its value during P1. Conversely, the average PBP-L was 1.16
μg L–1 d–1, which was 59% of its value during P1. Compared
with P1, the contribution of LNA to prokaryotic gross pro-
duction increased from 9% during P1 to 16% during P2,
suggesting that resource depletion has a more profound im-
pact on HNA than LNA gross production. In addition, the
average consumption of HNA biomass by protozoa de-
creased to 3.28 μg L–1 d–1, while carbon flow resulting from
LNA ingestion rose from 10% to 24% of the total protozoan
metabolic consumption, signifying an increased reliance on
LNA taxa during P2 compared with P1. The energy transfer
ratio due to protozoan grazing (4.31 μg L–1 d–1) and en-
vironmental resource recycling (2.55 μg L–1 d–1) reached
1.69 during P2, exceeding that during P1 (1.43).

4. Discussion

4.1 Distinct adaptive responses of the HNA and LNA
subgroups

Without an external resource supply, the bioavailable re-
sources in the macrocosm ecosystem became increasingly
scarce as the incubation progressed and they were con-
tinuously used by microbes. During P1 (days 0–16), the

decline in HNA and LNA abundance suggests that both
groups were constrained by the depletion of resources. The
notable difference in the magnitude of decline between HNA
and LNA prokaryotes indicates their distinct responses to
changes in environmental conditions. It is plausible that the
more significant decline in HNA populations results from
their higher nutrient demands and metabolic rates, rendering
them more susceptible to changes in resource availability
(Mojica et al., 2020). Throughout P2 (days 16–73), both the
HNA and LNA subgroups continued to decrease in abun-
dance, albeit at a lower rate. This observation aligns with the
expectation that limited resource availability will constrain
prokaryotic growth. Interestingly, the LNA% and PGG-L/
PGG-H continued to increase during P2, suggesting that the
LNA subgroup was better adapted to cope with resource
scarcity. These findings align with previous studies that de-
monstrated that open ocean oligotrophic communities, in
contrast to coastal or shelf communities, possess a higher
proportion of heterotrophic activity attributed to the LNA
subgroup (Servais et al., 2003; Longnecker et al., 2005,
2006).
The distinct adaptive strategies exhibited by the HNA and

LNA subgroups in response to resource availability highlight
their distinct niches within aquatic ecosystems and varying
contributions to ecosystem functioning under different re-
source conditions. The HNA subgroup, which has higher
metabolic activity when resources are abundant, may be re-
sponsible for rapid resource turnover and efficient energy
transfer in the food web. This tendency can be attributed to

Figure 5 Carbon flow changes for the HNA and LNA subgroups during P1 (days 0–16) and P2 (days 16–73). PBP-H represents the prokaryotic gross
bacterial production of the HNA subgroup (a), and PBP-L stands for the LNA subgroup (c). PMC-H indicates protozoan grazing-mediated carbon loss from
the HNA subgroup (b), and PMC-L represents the LNA subgroup (d). The error bars indicate the standard deviation between the surface and bottom layer
data.
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the higher genome complexity of HNA cells compared with
LNA cells, which enables the HNA subgroup to have a
higher capacity for exploiting pulses of nutrients (Azam,
1998) as well as the ability to occupy a greater variety of
ecological niches (Philippot et al., 2010; Schattenhofer et al.,
2011). In contrast, the LNA subgroup, being more resilient to
resource scarcity, might play a crucial role in maintaining
basic ecosystem functions during periods of low resource
availability (Mojica et al., 2020). The compact genomes and
diminished metabolic burden of replication allow LNA cells
to survive under nutrient-limited conditions, ensuring the
continuity of essential ecosystem processes even when re-
sources are scarce.

4.2 Protozoan grazing preference shifts from the HNA
to LNA subgroup under resource scarcity

During P1, the protozoan grazing pressure on HNA was
greater than that on LNA cells, which was attributed to se-
lective grazing by protozoa. Namely, protozoa preferentially
graze HNA cells that belong to the actively growing portion

of the prokaryotic assemblage (del Giorgio et al., 1996;
Baltar et al., 2016), whereas the less active prokaryote sub-
group, LNA cells, are less heavily grazed because of their
intrinsically low metabolic rates and small size (Segovia et
al., 2018). The contribution of LNA abundance to total
prokaryotic abundance (LNA%) is affected by the different
degrees of grazing pressure present in the environment
(Tadonléké et al., 2005). The increase in LNA% during P1
might be attributed to the grazing selectivity of protozoans
(primarily HNF), which favor grazing on the HNA subgroup
over the LNA subgroup (Gonzalez et al., 1990; del Giorgio et
al., 1996; Sintes and del Giorgio, 2014; Hu et al., 2020).
The observed changes in protozoan grazing preferences

during P1 and P2 highlight the intricate relationship between
microbial populations and their environment. As resources
become scarce, protozoa may adapt their grazing preferences
to optimally utilize available resources. The negative corre-
lations between PMM-L/PMM-H and prokaryotic abun-
dance and PGG-H during P2, differing from the positive
correlations during P1, might indicate reduced selective
grazing pressure and increased non-selective grazing pres-
sure by protozoa (Figure 3). The RDA analysis results also
support the notion that the importance of grazing selectivity
decreases with resource deficiency. The shift in grazing se-
lectivity coincides with the decreased protozoan grazing
pressure on the HNA subgroup, implying that grazing se-
lectivity diminishes under resource-limited conditions. This
shift in grazing preference might be explained by the reduced
food quality or availability under lower resource conditions,
which are known to influence protozoan grazing rates
(Monger and Landry, 1991; Christaki et al., 1998; Monger et
al., 1999). Reduced food quality or availability can force
grazers to adapt to alternative prey to meet their energy de-
mands. From P1 to P2, the percentage of PBP-L allocated to
protozoa increased from 69% to over 100%, revealing a
marked increase in the dependency of protozoa on LNA as
the resources in the incubation system became scarcer. By
adjusting their grazing preferences, protozoa help maintain a
balance between the HNA and LNA subgroups, ensuring the
continuous operation of the microbial loop. This aligns with
traditional ecological theories emphasizing the vital role of
grazing in sustaining diversity (Paine, 1966).
It is noteworthy that during the transition from P1 to P2,

the abundances of both HNA and LNA increased, although
the former experienced more substantial growth (as evi-
denced by the marked decrease in LNA%). We attribute this
to the significant decrease in HNF abundance, which de-
creased by approximately 30% and was accompanied by a
nearly 50% decrease in HNF grazing pressure on the HNA
subgroup (indicated by PMM-H) and little change in grazing
pressure on the LNA subgroup. The persistent decline in
HNF grazing pressure and abundance facilitated resource
cycling (probably via cell lysis) to support the metabolic

Figure 6 Carbon flow dynamics within the microbial loop. Data analysis
across P1 (days 0–16) and P2 (days 16–73) highlights the shift in carbon
flow. The three circles represent the prokaryotic biomass at different time
(Day 0, Day 16, and Day 73), where HNA and LNA are represented in red
and blue, respectively, and the numbers represent biomass (μg L–1). Solid
black arrows extending from each circle represent the daily average PBP-H
(μg L–1 d–1), and dashed black arrows represent PBP-L. Red arrows ex-
tending from each black arrow represent the daily average PMC (μg L–1 d–
1), where solid lines represent PMC-H and dashed lines represent PMC-L.
The three red rounded rectangles represent changes in HNF biomass at
different stages; for example, 1.09 in the left rectangle indicates that the
HNF biomass increased by 1.09 μg L–1 from Day 0 to Day 16. The gray
dashed arrows represent alterations in carbon flow due to other pathways,
calculated as the difference between total PBP, total PMC, and the change in
prokaryotic and HNF biomass. The percentages in parentheses represent the
ratio of PBP and PMC of LNA to total PBP and PMC.
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capacity and abundance of the prokaryotic community at a
lower value during the early stage of P2 (days 20–40).
However, this cycling could not be sustained in the later
stages of P2, resulting in a continued decline in both HNA
and LNA abundances. The altered grazing preferences of
protozoan grazers under resource scarcity highlight the im-
portance of understanding the complex interactions between
grazers and their prey to predict ecosystem responses to
environmental changes. Such an understanding is essential
for the accurate modeling of energy flow and nutrient cycling
within aquatic ecosystems as well as the assessment of
ecosystem stability and functioning in response to changing
environmental conditions.

4.3 Implications for aquatic ecosystem functioning

The macrocosm experiment results elucidate the intricate
interplay between the HNA and LNA prokaryotic subgroups
and selective grazing by protozoans under declining resource
availability. The projected ocean warming under global cli-
mate change is anticipated to enhance stratification and thus
intensify oligotrophication in the upper ocean, leading to a
deceleration of carbon cycling within the microbial loop.
Although this may undermine the efficacy of the biological
carbon pump and reduce energy and carbon fluxes toward the
upper trophic levels, it can also promote the accumulation of
refractory dissolved organic carbon, enhancing carbon se-
questration in the ocean, according to the theory of the mi-
crobial carbon pump (Jiao et al., 2010, 2014, 2018). Such
process may induce negative feedback on global warming
associated with the accelerated release of anthropogenic CO2.
In light of these implications, it is essential to further in-

vestigate the mechanisms driving the interactions between
the HNA and LNA subgroups and protozoan grazing, as well
as the responses of these subgroups to varying resource
availability. Future research should also consider the poten-
tial consequences of these interactions for biogeochemical
cycles and energy transfer in aquatic ecosystems, particularly
under the influence of climate change and anthropogenic
disturbances. A deeper understanding of these complex in-
teractions and feedback can help researchers to better predict
and manage the impacts of environmental stressors on
aquatic ecosystem functioning.

5. Conclusion

In conclusion, a long-term macrocosm incubation experi-
ment demonstrated the intricate interactions between re-
source availability and selective grazing by protozoans that
govern prokaryotic abundance, activity, and carbon flow
within the microbial loop. Our results reveal the resilience of
LNA prokaryotic cells in resource-deficient conditions and

their increasing contribution to carbon flow under these
conditions, highlighting their importance for the stability and
functioning of microbial ecosystems. Our findings also il-
luminate the importance of protozoa’s adaptive grazing be-
havior in maintaining a balance between the HNA and LNA
subgroups and ensuring the continuous functioning of the
microbial loop. Further research is warranted to explore the
underlying mechanisms of these adaptive grazing behaviors
and the dynamic interplay between the HNA and LNA
subgroups, as well as their implications for ecosystem pro-
cesses and the global carbon cycle.
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