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Abstract

Variable fluorescence techniques are increasingly used to assess phytoplankton photosynthesis. All fluorescence
techniques and models for photosynthetic electron transport rates (ETRs) are amplitude-based and are subject to
errors, especially when phytoplankton growth is nutrient-limited. Here we develop a new, kinetic-based approach to
measure, directly and in absolute units, ETRs and to estimate growth rates in phytoplankton. We applied this
approach to investigate the effects of nitrogen limitation on phytoplankton photophysiology and growth rates.
Nutrient stress leads to a decrease in the quantum yield of photochemistry in Photosystem II (F,/Fy,); however, the
relationship between F,/Fy, and growth rates is highly nonlinear, which makes it impossible to quantify the reduc-
tion in phytoplankton growth rates from F,/F,, alone. In contrast, the decline in growth rates under nitrogen stress
was proportional to the decrease in kinetic-based photosynthetic rates. Our analysis suggests the kinetic fluorescence
measurements markedly improve the accuracy of ETR measurements, as compared to classical amplitude-based mea-
surements. Fluorescence-based methods for primary production rely on measurements of ETRs and then conversion
to carbon fixation rates by using the electron yields of carbon fixation. The electron yields exhibit 10-fold variability
in natural phytoplankton communities and are strongly affected by nutrient limitation. Our results reveal that a
decrease in the growth rates and the electron yields of carbon fixation is driven by, and can be quantified from, a
decrease in photosynthetic turnover rates. We propose an algorithm to deduce the electron yields of carbon fixa-

tion, which greatly improve fluorescence-based measurements of primary production and growth rates.

In contrast to terrestrial ecosystems, oceanic primary pro-
duction and growth are fundamentally limited by the avail-
ability of nutrients, such as nitrogen and iron, and in some
regions colimited by phosphorus. The paucity of nutrients in
the global ocean leads to a substantial decrease in the effi-
ciency of oceanic photosynthesis. On the global scale, oceanic
phytoplankton operates at only ~ 50% of its potential maxi-
mum (Lin et al. 2016). At first approximation, the distribu-
tions of nutrient stress in the global ocean show a marked
meridional pattern, with most of tropical and subtropical
gyres being limited by the paucity of nitrogen and polar and
subpolar regions by iron (Moore et al. 2013). The physiologi-
cal effects of nutrient stress on phytoplankton growth are
determined by the concentrations and fluxes of nutrients in
the upper water column and these fluxes are highly dynamic
and variable in space and time. Also, susceptibility to nutrient
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stress varies significantly among phytoplankton species, taxa,
and size groups (Sunda and Huntsman 1997; Litchman and
Klausmeier 2008). Understanding and quantifying the effects
of nutrient stress on primary production is a fundamental task
of biological oceanography and addressing this challenging
task requires development of technologies for rapid identifica-
tion and quantitative analysis of nutrient stress in the ocean.
Chlorophylla (Chla) fluorescence techniques are com-
monly used to measure biomass and physiological status of
phytoplankton and benthic organisms in marine ecosystems
(Falkowski et al. 2004). Assessment of the photosynthetic effi-
ciency in these organisms relies on the measurement and anal-
ysis of Chl a “variable fluorescence,” a property unique to the
photosynthetic machinery (Falkowski et al. 2004). Variable
Chl a fluorescence is the most sensitive, nondestructive signal
detectable in the upper ocean that reflects instantaneous phyto-
plankton photophysiology and photosynthetic rates (Falkowski
and Kolber 1995; Kolber et al. 1998). Variable fluorescence tech-
niques rely on the relationship between fluorescence yields and
the efficiency of photosynthetic processes and provide a com-
prehensive suite of characteristics of energy transfer in light-
harvesting complexes, photochemical reactions in Photosystem
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IT (PSII) reaction centers, and photosynthetic electron transport
down to carbon fixation (Table 1).

Assessment of the impact of nutrient limitation and other
stressors on physiology and growth of marine biota is based
on measurements of the quantum yield of photochemistry in
PSII, or potential photosynthetic efficiency, known as an
F,/Fy, ratio. In the case of nitrogen limitation, however, the
relationship between F,/F,, and phytoplankton growth rates is
highly nonlinear (Kolber et al. 1988; Parkhill et al. 2001),
which makes it impossible to quantify the reduction in phyto-
plankton growth rates under nutrient stress from F,/Fy, alone.
Also, both Fe and N limitation lead to a decrease in F,/F,, that
requires development of additional, stress-specific indicators,
or a suite of indicators, suitable for identification and quantifi-
cation of Fe and N limitation in the ocean.

Variable fluorescence techniques (such as fast repetition
rate fluorescence [FRR] or fluorescence induction and relaxa-
tion [FIRe]) provide ultra-fast and sensitive tools to derive the

Table 1. Notations, abbreviations, and terminology.
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light-driven electron flux in PSII, commonly called photosyn-
thetic electron transport rates (ETRs) (Genty et al. 1989, 1990;
Kolber and Falkowski 1993). ETRs can then be converted to
the rates to carbon fixation using the electron requirements
(or electron yields) of carbon fixation (Lawrenz et al. 2013;
Hughes et al. 2018a). Field observations suggest that this con-
version factor exhibits ~ 10-fold variability in natural phyto-
plankton communities and is strongly affected by the extent
of nutrient limitation, taxonomic composition, and other fac-
tors (Lawrenz et al. 2013; Schuback et al. 2017; Hughes
et al. 2018b). Understanding the factors that control the elec-
tron requirements of carbon fixation and development of
methods to predict this critical variable is important for
improving fluorescence-based measurements of primary
production.

All modern models to derive ETRs and photosynthetic rates
rely on the use of amplitude-based variable fluorescence
(Genty et al. 1989; Kolber and Falkowski 1993; Oxborough

Description Units
ETRg, Electron transport rate from amplitude-based variable fluorescence analysis es™ PSII™
ETR, Electron transport rate from kinetic fluorescence analysis es™ PSII™
PAR Photosynthetically available radiation umol quanta m
OpsiI Functional absorption cross section of photosystem Il (PSII) A? or m?
Fo, Fn Minimum and maximum yields of Chl a fluorescence measured in a dark-adapted state a.u.
F, Variable fluorescence (= f,, — Fo) a.u.
Fo/Fm Maximum quantum yield of photochemistry in PSIl, measured in a dark-adapted state Dimensionless
p “Connectivity factor,” defining the probability of the excitation energy transfer between individual Dimensionless
photosynthetic units
F, F, Fy Minimum, steady state, and maximum yields of Chl a fluorescence measured under ambient light. a.u.
F' can be measured after a brief (~ 1 s) period of darkness to promote opening of all reaction
centers
AF' Change in the fluorescence yield measured under ambient light (= F,,/ — F’) a.u.
F/ Maximum variable fluorescence measured under ambient light (= F' — £’). Here £,/ and F,/ a.u.
corresponds to fully open and closed reaction centers, respectively.
AF'/R/ Coefficient of photochemical quenching, which is a fraction of open reaction centers in a light- Dimensionless
adapted state.
AF'/F Quantum yield of photochemistry in PSII, measured under ambient light (®psyy = [Fy’ — F']/Fy’) Dimensionless
R IR Quantum efficiency of photochemistry in open reaction centers of PSIl, measured in a light- Dimensionless
adapted state (= [Fy) — Fo'l/Fw)
PQ Plastoquinone pool, the pool of electron carriers between PSIl and photosystem | (PSI) Molecules/PSlI
PQox The redox state of the PQ pool, normalized to unity. PQ, varies from 1 (fully oxidized) to 0 (fully Dimensionless
reduced).
de,c Electron requirement for carbon fixation (the number of electrons required to accumulate one C) e/C
NPc Net primary production umol Cs™
Drpe Electron yield of net primary production (the number of accumulated C per one electron produced Cle
in PSII)
1/ Photosynthetic turnover rate 57!
T Photosynthetic turnover time s
Treplete Photosynthetic turnover time for nutrient-replete growth s

X= Treplete/T

Relative decrease in photosynthetic turnover rate by nitrogen stress

Dimensionless
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et al. 2012). For instance, the key parameter in these models is
a change in the amplitude of Chl a fluorescence (AF/F,,’) as a
proxy for the quantum yield of photochemistry in PSII under
ambient irradiance (Genty et al. 1989). The ETRs are not mea-
sured directly; instead they are derived based on a biophysical
model of energy conversion in PSII. Is there a better, more
direct way to measure photosynthetic rates?

Kinetic analysis is an analytical method for quantitative
time-resolved observation of how the concentrations of the
reactants in a chemical reaction change over time. Kinetic
analysis is the basal approach in chemical kinetics and photo-
chemistry for most accurate measurements of the rate
(or rates, if multiple processes are involved) of chemical reac-
tions. This type of analysis can be applied to measure the rates
of photosynthetic electron transport by monitoring the kinet-
ics of Q, reoxidation in PSII (i.e., transition Q,” — Q,, where
Q, is the first quinone acceptor of PSII) (Crofts and
Wraight 1983; Kolber et al. 1998). Because the redox state of
this Q, acceptor affects the optical properties of PSII (such as
the quantum yield of fluorescence), the Kkinetics of Q,
reoxidation can be directly derived from the relaxation kinet-
ics of Chl a fluorescence yield after a saturating flash of light,
which fully reduces Q, (Kolber et al. 1998). Several operational
instruments, including FRR and FIRe fluorometers, have been
developed for this kind of kinetic analysis, but application of
these instruments for kinetic analysis of photosynthetic rates
remained unexplored.

The objectives of this work are: (1) to examine the capabili-
ties of fluorescence kinetic analysis for measurements of pho-
tosynthetic ETRs and rates of primary production; (2) to
investigate the effect of nitrogen stress on kinetic characteris-
tics and photosynthetic rates in model phytoplankton species,
with the overarching goal to improve fluorescence-based mea-
surements of primary production and growth rates; and (3) to
develop operational, ultra-sensitive fluorescence instruments
that combine amplitude-based and kinetic analysis of fluores-
cence yields and photosynthetic rates.

This research is aimed at testing the following hypotheses:
(1) Photosynthetic rates and growth rates in phytoplankton
are controlled by the rate of photosynthetic electron flow and
this rate can be accurately determined from the kinetic mea-
surements of Chl a fluorescence relaxation Kinetics; (2) direct,
kinetic measurements of photosynthetic ETRs are more accu-
rate than classical amplitude-based measurements; (3) the
combination of amplitude-based and kinetic analyses provides
quantitative, stress-specific diagnostics of nutrient stress in
oceanic ecosystems and allows one to improve fluorescence-
based measurements of primary production.

Methods and materials

Mini-FIRe fluorometers and measurement protocols
Variable fluorescence and photosynthetic characteristics
were measured with new miniaturized Fluorescence Induction
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Fig. 1. (Left) Benchtop fluorescence induction and relaxation instrument
(a mini-FIRe); (Right) Diver-operated FIRe system for in situ measurements
of photosynthetic characteristics and photosynthetic rates on benthic
organisms, such as coral, marcophytes, and seagrasses.

and Relaxation Systems (called mini-FIRe) (Fig. 1). These
instruments are conceptually similar to previous FRR (Kolber
et al. 1998) and FIRe systems (Gorbunov and Falkowski 2005),
but exhibit approximately 20-fold higher sensitivity and
signal-to-noise ratio, compared to their predecessors. This
extreme sensitivity is crucial for sampling in oligotrophic
regions, which constitute 30% of the world ocean (Lin
et al. 2016). High signal-to-noise ratio is crucial for precise
analysis of fluorescence relaxation Kkinetics (Gorbunov
et al. 1999).

We developed and manufactured several versions of mini-
FIRe fluorometers. These include a basic low-cost benchtop
version that employs excitation at a single wavelength
(450 nm, with a half-bandwidth of 20 nm) and a multicolor
mini-FIRe instrument (Gorbunov et al. 2020) with excitation
at multiple wavelengths (435, 450, 470, 500, 530, and
590 nm, with 20 nm half bandwidth for each channel).
This multicolor excitation allows for selective excitation of
different functional groups of phytoplankton, as well as for
spectrally resolved measurements of functional absorption
cross-sections of PSII. This multicolor instrument is designed
to monitor both physiological characteristics and changes in
taxonomic composition of phytoplankton communities
(Gorbunov et al. 2020). Finally, a diver-operated underwater
mini-FIRe fluorometer (Fig. 1) is designed for in situ sampling
on benthic organisms, including coral or macroalgae.

The peak excitation intensity in the measuring volume of
the FIRe instrument is optimally adjusted to ensure closure of
PSII reaction centers and saturation of fluorescence within
approximately 100 us (i.e., a single electron turnover in PSII)
(Gorbunov et al. 2020), which is crucially important for accu-
rate retrievals of functional cross sections and quantum yields
(Gorbunov et al. 1999). The fluorescence signal is collected
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from a central, 8 mm diameter, portion of the sample vol-
ume, isolated by a red band pass interference filter (680 nm,
with 20 nm bandwidth), and detected by an avalanche pho-
todiode (SD630-70-72-500, Advanced Photonics). The
replaceable emission filter permits measurements of fluores-
cence signals from different fluorescent pigments, such as
Chl a, phycobilins, or bacteriochlorophyll. The voltage on
the detector is automatically adjusted, depending on ambient
temperature, to ensure a constant gain over a wide tempera-
ture range (0 to 30°C). By using an avalanche photodiode
with high quantum efficiency in the red spectral region
(ca. 80%) and integrating the fluorescence signal in the ana-
log mode, the instrument operates with an extremely high
signal-to-noise ratio. The mini-FIRe instrument can accu-
rately measure fluorescence signals in samples as low as
0.01 mg chlorophyll m—3—effectively the lowest concentra-
tion of chlorophyll recorded anywhere in the upper ocean.

To record fluorescence signals under ambient light, includ-
ing light curves (i.e., photosynthesis vs. irradiance, or P vs. E),
the FIRe fluorometer incorporates an actinic light source that
is controlled by the FIRe computer. This light source provides
uniform illumination of the entire volume of the sample
cuvette, which is critical for accurate recording of slow P vs. E
curves. The P vs. E curves can be recorded, in a fully automatic
mode, on discrete samples or during underway continuous
sampling at sea in a stop-flow regime.

The photosynthetic turnover time

The photosynthetic turnover time (z) is defined as the time
required for the products of primary photochemical reactions
(i.e., electrons produced as a result of charge separation in
reaction centers) to complete the whole cycle of transfer from
reaction centers to ribulose-1,5-bisphosphate carboxylase/
oxygenase (RUBISCO) and CO, fixation (Herron and
Mauzerall 1971; Myers and Graham 1971). The reciprocal of
the turnover time (1/t) is the turnover rate, which determines
the maximum rate of this process (P™¥).

Functional absorption cross-sections

The functional absorption cross-section of PSII (opsy) is a prod-
uct of the optical absorption cross-section of PSII (i.e., the physi-
cal size of the PSII antennae) and the quantum yield of
photochemistry in PSII (Falkowski et al. 2004). opgyy is calculated
from the rate of fluorescence rise during the single turnover flash
(Kolber et al. 1998). This rate is proportional to the product of
opst and the photon flux density of excitation light (Gorbunov
and Falkowski 2005). Retrievals of opsy in absolute units (AZ)
require accurate calibration of the average photon flux density in
the measuring volume, that is, the volume from which the signal
is recorded (Gorbunov and Falkowski 2005). Because amplitude-
based measurements of absolute ETR depend on opsy, accurate
calibration of excitation intensities is crucially important.

Fluorescence kinetics and photosynthesis

Analysis of fluorescence relaxation kinetics

The kinetics of electron transport on the acceptor side of
PSII (i.e., Q, oxidation) is assessed from analysis of the relaxa-
tion kinetics of fluorescence yield following a saturating single
turnover flash (Kolber et al. 1998; Gorbunov and
Falkowski 2005). These kinetics consist of several components
because the rate of Q, reoxidation depends on the state of the
second quinone acceptor, Qy,, which is a mobile two-electron
acceptor (Crofts and Wraight 1983):

Qy Qy— QaQp (150-200ps) (1)
Q, Q, —Q,Qp~ (600-800us) 2)
Q —Q Q—QaQ, (~20004us) 3)

Reaction (3) corresponds to the conditions when the Qy, is
initially out of its binding site on the D1 protein. Also, a frac-
tion of inactive reaction centers with impaired electron trans-
port may contribute to the slowest component (r3) in the
relaxation kinetics. Here, we analyzed the relaxation kinetics
using a three-component analysis and calculated the average
time constant (reported below as z,) for the two fastest com-
ponents (z; and 75):

'[Qa=(a1 T1 +(12‘[2)/((11 +a2)

Thus, this average time constant, z,, reflects the rate of Q,
reoxidation in active reaction centers.

Amplitude-based fluorescence measurements of ETR

Absolute ETR per open PSII reaction center is calculated from
the product of light intensity (E), the optical absorption cross-
section of PSII, 6ps®" (i.e, how much light is absorbed by a PSII
unit), and the quantum yield of photochemistry in PSII, ®psyy
(i.e., the portion of absorbed photons that produce electron
flow in PSII). This product must be further multiplied by a frac-
tion of dynamically open centers (AF/F,’) to reflect the fact that
a fraction of reaction centers become dynamically closed under
ambient light and only the remaining open centers contribute
to photosynthetic energy utilization (Falkowski et al. 1986). The
fraction of open reaction centers (also called the coefficient of
photochemical quenching) can be measured by variable fluores-
cence technique as a ratio of variable fluorescence under a given
irradiance (AF') to the maximum variable fluorescence (F,’) for
this irradiance level. F,/ can be measured after a brief (~ 1 s)
period of darkness to promote opening of all reaction centers
that were dynamically closed by ambient light. Therefore, ETR,
as a function of irradiance, is expressed as follows:

ETRpy = E opsii " @pspi (AF'/F) (4)

The product of the optical absorption cross-section and the
quantum yield of photochemistry in PSII is defined as the
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functional absorption cross section of PSII (opsi = 6psi®®" @psir)
and this parameter is directly measured using the FRR/FIRe
technique. Therefore, Eq. 4 can be modified as follows
(Gorbunov et al. 2000, 2001):
ETRFV =E6p511/ (AF//FV/) (5)
Here, opgy/ is the functional absorption cross section of PSII
and AF/F, is the coefficient of photochemical quenching,
recorded at a given level of ambient irradiance. By definition,
AF/F, = 1 in the dark and decreases with irradiance as more
reaction centers become dynamically closed by ambient light.
The prime character indicates the measurements under ambient
irradiance. Both ops;’ and AF/F,/ are a function of irradiance.
When nonphotochemical quenching is caused by thermal
dissipation in the light-harvesting antennae, Eq. 5 can be
reduced to the following (Gorbunov et al. 2000):
ETRpy = Eopsn [(AF'/Fm')/(Fy/Fm)] (6)
where AF//Fy’ is the actual quantum yield of photochemistry
in PSII at a given irradiance level. AF/F,, is an irradiance-
dependent parameter in Eq. 6 and can be directly measured by
FRR/FIRe techniques. It should be noted that the use of Eq. 5
requires measurements under both ambient light and after a
brief period darkness (e.g., in both open and dark chambers of
the in situ FRR fluorometer). For instance, F,’ = F,,/’ — F, can
be only recorded after a brief (~ 1 s) period of darkness, which
is required for all reaction centers to open and for fluorescence
yield to reach F,’ level. In contrast, Eq. 6 includes parameters
recorded only under ambient light, thus eliminating the need
to make measurements in darkness.

Kinetic-based measurements of ETR
Kinetic measurements of the absolute ETR rely on the rate
of photosynthetic turnover (1/z), which defines maximum
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ETR achieved under saturating irradiance. The shape of ETR(E)
in relative units is reconstructed from the dependence of the
quantum yield of photochemistry in PSII (AF/F, as a func-
tion of E):
ETR, =1/t (EAF'/Fr)/(Emax AF' /Fi'(Emax)) (7)
Here, the relative ETR(E) = E AF//F,,’ is normalized to unity
by division to its maximum value E;,,x AF'/Fy'(Emax), which
is recorded at saturating irradiance (Enax). The optimal level
of Enax is selected at Epax ~ 3 X Ex, where Ey is the light satu-
rating parameter of the P vs. E curve (Falkowski and
Raven 2014), to achieve the maximum precision of ETR,
measurements. Multiplication of the relative ETR by the pho-
tosynthetic turnover rate (1/7) provides the absolute ETR, per
PSII unit. 1/7 is calculated directly from the FIRe determined
relaxation at saturating irradiance, using the kinetic analysis
(see Fig. 2B).

Measurements of the redox state of the PQ pool

The redox state of the PQ pool and its alterations with
ambient irradiance were assessed from the analysis of fluores-
cence induction curves on the millisecond time scale in
response to a saturating multiple turnover flash of 200 ms
duration. To take into account irradiance-induced effects of
nonphotochemical quenching of chlorophyll fluorescence,
the variable component (Fy) of the induction curve was nor-
malized to unity at each irradiance light level. The fraction of
the oxidized PQ molecules (noted as PQuy) as a function of
ambient irradiance was estimated from a reduction in the area
above the normalized induction curve relative to the reference
area measured for fully oxidized PQ pool (Falkowski and
Raven 2014; Levitan et al. 2015). This reference area is calcu-
lated from the induction curve recorded after a short (1 s)
period of darkness followed by a short (1 s) pre-exposure to
far-red light (the wavelengths > 700 nm).

mini-FIRe model
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Fig. 2. The effect of ambient PAR on the time of Q, reoxidation (solid dots), in relation to PAR-driven alterations in the redox state of the PQ pool (PQox,
open dots). These time constants were retrieved from the kinetics of fluorescence relaxation in the diatom, T. pseudonana, following a saturating single
turnover flash by using two different mathematical models, the FRR model (A) and the new mini-FIRe model (B).
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Strains and culture conditions

Algal cultures were grown at 18°C in F/2 medium under
continuous white light (500 ymol photons m~2 s7!) from
light-emitting diode lamps. This high irradiance was chosen
to ensure that photosynthetic rates were at their maximum
level (P™*) and the growth was maximal. These cultures
included diatoms (Thalassiosira pseudonana CCMP1335,
Thalassiosira weissflogii CCMP1336, Thalassiosira oceanica
CCMP1005, Phaeodactylum tricornutum CCMP632), and a
chlorophyte (Dunaliella tertiolecta CCMP1320).

Nutrient stress experiments

Nutrient stress experiments were conducted on batch cul-
tures growing in low-nitrogen media. First, cultures were pre-
acclimated (for 4-5 d) to low-nitrogen F/2 media, with [NOs]
of 10 ymol L1, which is 90 times lower than in normal. This
preacclimation allowed the cells to maintain maximum
growth rates even in this low-nitrogen media, although the
cellular Chl a content reduced several fold, a sign of acclima-
tion to low-nitrogen conditions (Parkhill et al. 2001). Then we
monitored, in batch cultures, the slowly progressing nutrient
stress, as the cells digested the remaining [NOs3] and the nitro-
gen concentration in the media became undetectable within
48-72 h. The Chl a concentration in the samples during these
experiments did not exceed 5-10 mg Chl m?.

Growth rates measurements

Instantaneous growth rates (u) were determined from an
increase in cell density (N, cell mL™') over a short (4-6 h)
period of time (At), using an exponential growth equation:

u=In[N(t+At)/N(t)]/At (8)

Cell densities were recorded using Beckman Coulter
Multisizer 3 cell counter.

Mathematical formalism for fluorescence relaxation
kinetics

The induction of fluorescence yield during a saturating
single-turnover flash is driven by accumulation of closed reac-
tion centers C(t) over time and the resulting increase in fluo-
rescence yield F(f) from its minimum (F,) to maximum (F,)
values (Table 1). The rate of increase in C(¢) is driven by the
rate of photochemical charge separation in PSII reaction cen-
ters and determined by opgyy, the photon flux density (I), and
the extent of energy transfer between reaction centers (called
“connectivity factor,” p):

dC(t)/dt =opsu I (1-C(t))/(1-pC(t)) 9)
F(t)=Fo+Fy C(t) (1-C(t))/(1-pC(t)) (10)
Here, F, = F, — F,, is the variable fluorescence yield. These

equations assume that the rate of photochemistry in PSII
induced by the saturating single turnover flash is much faster

Fluorescence kinetics and photosynthesis

than the rate of Q,” reoxidation and the latter can be ignored.
In the general case (e.g., when the rate of fluorescence induc-
tion is comparable to the rate of Q,” reoxidation), the Q,~
reoxidation kinetics can be taken into account, at the expense
of more complex mathematical formalism, as described below.

The relaxation kinetics of fluorescence yield after a saturat-
ing single turnover flash is driven by the kinetics of Q,~
reoxidation and the resulting conversion of RCs back to the
open state. However, the measured kinetics is also affected by
the rate of photochemistry produced by measuring flashes
and by actinic (ambient) light. These two processes slow down
reopening of reaction centers and thus distort the measured
fluorescence relaxation kinetics. These must be taken into
account while retrieving the actual kinetic rates of Q,~
reoxidation. Below we explain, in turn, why and how these
two processes must be incorporated into mathematical
formalism.

Kinetics of Q,” reoxidation are recorded by applying a
sequence of relatively weak relaxation flashlets followed at
progressively increasing intervals between these flashlets
(Gorbunov and Falkowski 2005). Under such conditions, the
observed kinetics of C(f) relaxation between the flashlets is
driven by two competing processes: Q, reoxidation and the
actinic effect of ambient light. The former leads to conversion
of reaction centers to the open state, while the latter returns a
fraction of centers back to the closed state. A change in C(f)
between the flashlets is described as follows:

C(ti + AT) = C(ti) {a1 exp(—AT/rl) +ay EXp(—AT/Tz)
+az exp(—AT/z3)} +opsn PARAT (1-C(t;))/ (11)
(1-C(t)p)

Here, AT is the interval between relaxation flashes, 74, 75,
and 73 are the time constants fast, medium, and slow compo-
nents of Q, reoxidation, a1, ap, and a3 are relative magnitudes
of these components (a; + a2 + a3 = 1), and PAR is the inten-
sity of ambient light, or photosynthetically available radia-
tion. Equation 11 assumes that the kinetics of Q, reoxidation
is multicomponent. Our analysis revealed that at least three
components are usually needed to describe these kinetics with
sufficient accuracy. The interval between relaxation flashes is
assumed to be short (AT << [opsy PAR]™Y). The first term in the
Eq. 11 describes opening the reaction centers due to Q,
reoxidation, while the second term—partial conversion of
reaction centers back to the closed state due to the photo-
chemistry induced by ambient light. The incorporation of
PAR in Eq. 11 is crucially important for accurate retrievals of
the rates of Q, reoxidation measured under ambient light.

If the intensity of relaxation measuring flashes would be
negligible, the measured relaxation kinetics in darkness would
precisely follow the kinetics of Q,~ reoxidation. However, the
induced fluorescence signals would be extremely weak and
noisy. To achieve a suitable signal-to-noise, the intensity of
measuring flashlet is set at approximately 0.02 ymol quanta m~>
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per flash with 1 us duration, which corresponds to approxi-
mately 0.05 hits per reaction center per flash. This number is
not negligible; each flashlet produces a small, but significant,
increase in the fraction of closed reaction centers. This increase
in C(t) by the measuring relaxation flashlet is numerically
described as follows:

AC=opsnd Atrelax (1-C(t))/(1=pC(t)) (12)

where Ateax is the duration of the relaxation flashlet (1 us in
FIRe instruments), I is the peak intensity of measuring excita-
tion light, and C(f) is the fraction of closed centers at the
beginning of the relaxation flashlet. The measured FIRe relaxa-
tion Kkinetics is processed by numerically fitting these profiles
to Egs. 9-12 to retrieve correct time constants (zy, 7, 73) of Q,
reoxidation kinetics.

Results

Variable fluorescence in a dark adapted state provides the
maximum quantum yield of photochemistry in PSII (F,/Fy,),
which reflects the potential photosynthetic efficiency. This
parameter is the most commonly used indicator of photosyn-
thetic competence and environmental stresses (Falkowski
et al. 2004), but alone it does not reflect the actual photosyn-
thetic rates achieved under ambient irradiance. Variable fluo-
rescence signals must be recorded in a light-acclimated state to
infer the actual photosynthetic rates and to estimate the rates
of primary production (e.g., Genty et al. 1989; Kolber and
Falkowski 1993). Amplitude-based variable fluorescence sig-
nals as a function of irradiance provide a conceptual frame-
work for retrieving instantaneous photosynthetic rates (called
photosynthesis vs. irradiance, or P vs. E curves). We examined
how Kkinetic variable fluorescence measurements can be used
to infer the actual rates of photosynthetic electron transport
and how kinetic analysis can improve measurements of pho-
tosynthetic rates.

Effect of ambient irradiance on the kinetics of electron
transport in PSII

We first employed the standard FRR model and measure-
ment protocol (Kolber et al. 1998) to examine how the
observed fluorescence relaxation kinetics changes with irradi-
ance. We expected that as PAR increases and the PQ pool
becomes reduced, the actual rate of electron flow would slow
down and the rates of FRR fluorescence relaxation kinetics
would decrease. Unexpectedly, we found that the FRR
retrieved relaxation rates remained virtually unchanged with
an increase in PAR, even when the PQ pool became reduced at
saturating PAR (Fig. 2A). Such pattern was observed in all algal
species and samples of natural phytoplankton we analyzed.
Why does not the FRR relaxation analysis show a decrease in
the speed of electron flow under saturating irradiances?

Fluorescence kinetics and photosynthesis

The FRR model was originally developed for analysis of
fluorescence transients in dark-adapted samples (Kolber
et al. 1998). This model and mathematical framework did not
include the effects of ambient irradiance on the measured
fluorescence relaxation kinetic. As ambient light promotes
dynamic closure of a fraction of reaction centers, this process
competes with Q, reoxidation and inevitably distorts the
observed Q, reoxidation kinetics.

To overcome this limitation of the FRR technique, we
developed a new mathematical model and numerical fitting
procedure for kinetic data analysis (see “Methods and Mate-
rials” section). This procedure has been implemented in the
new mini-FIRe instruments. We employed this new approach
to calculate the rates of Q, reoxidation measured under ambi-
ent irradiance and examined how these rates changes with
PAR (Fig. 2B). This new analysis revealed a strong affect of irra-
diance on the rates and time constants (zq.) of Q, reoxidation.
In darkness or under low PAR, the PQ pool is oxidized
(i.e., PQox = 1), 7qa is fast. As PAR increases, the PQ pool
becomes more reduced and, consequently, g, increases,
reflecting a decrease in the speed of electron flow (Fig. 2B).

At saturating irradiance, 7o, plateaus, closely approaching
the photosynthetic turnover time (Fig. 2B). This data suggest
that under saturating irradiance, the maximum flux of elec-
trons is determined and limited by the speed at which the
electrons can move through the electron transport chain. This
result has an important implication as our new kinetic proto-
col offers a simple practical way to measure photosynthetic
turnover rates from fluorescence relaxation kinetics recorded
under saturating PAR.

Effect of nitrogen limitation on the Kinetics of
photosynthetic electron transport

Phytoplankton photosynthesis in the global ocean is fun-
damentally limited by the availability of nutrients, such as
nitrogen and iron (Lin et al. 2016). How does nutrient limita-
tion affect the kinetic properties of photosynthetic electron
transport? Can kinetic analysis tell us about the impact of
nutrient limitation on primary production and phytoplankton
growth rates in the global ocean? How can the new kinetic-
based analysis improve the capabilities of Chl a variable fluo-
rescence for quantitative assessment of nutrient stress in the
ocean?

To address these questions, we examined the effects of
nitrogen stress on the kinetic parameters of photosynthetic
electron transport in two model species: the diatom,
Thalassiosira pseudonana, and the chlorophyte, Dunaliella
tertiolecta. We quantified the extent of nitrogen limitation
from the reduction in the quantum yield of photochemistry
in PSII (F,/Fy,) and growth rates. Figure 3 shows the effect of
nitrogen limitation on the Kkinetic characteristics of Q,
reoxidation in the marine diatom T. pseudonana. This profile
(open dots) was recorded when growth rate was dramatically
reduced by N stress (0.2 d~!, as compared to 1.5 d~! in the
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Fig. 3. Effect of nitrogen limitation on kinetics of electron transport in
PSII (Q, reoxidation) as a function of PAR. The profiles 7q,(PAR) were
recorded in the diatom, T. pseudonana, under nutrient-replete (+N) and
nitrogen-limited (—N) conditions.

nutrient-replete control, solid dots). In spite of dramatic
reduction in the growth rate, the F,/F,, ratio remained high
(0.48 vs. 0.6 in the nutrient-replete control). Similar patterns
were observed in other phytoplankton model species
(T. thalassiosira, P. ticornutum, T. oceanica, D. tertiolecta) and
natural samples of N-stressed phytoplankton. This analysis
revealed that the time constant for Q, reoxidation (zq.) in
darkness was not affected by N stress (Fig. 3), suggesting that
the kinetics of Q, reoxidation in a dark adapted state is not an
indicator of N stress. In contrast, 7, recorded under saturating
light increased dramatically under N limitation (Fig. 3). This
increase reflects an increase in the photosynthetic turnover
time and the resulting reduction in the maximum rates of
electron transport.

Revaluating the relationship between phytoplankton
photophysiology and growth rates—The case of nitrogen
limitation

Nitrogen limits primary productivity in the most of the
global ocean (Dugdale 1967; Eppley 1980; McElroy 1983). To
develop a more robust, quantitative diagnostic of nitrogen
stress, we examined how nitrogen limitation affects the suite
of variable fluorescence characteristics and photosynthetic
rates in two model algae, the green alga D. tertiolecta (Fig. 4)
and the diatom T. pseudonana (Fig. 5). The extent of nitrogen
stress was quantified from a reduction in instantaneous
growth rates.

The relationship between F,/F, and growth rates was
highly nonlinear, thereby a detectable reduction in F,/F,, was
observed only under severe N stress, when the growth rates
were markedly (> 50%) reduced (Fig. 4A). In contrast, the max-
imum photosynthetic rates P™** recorded under high light
showed a detectable decrease even at moderate nitrogen stress
(Fig. 4B,C).

We further examined two protocols for calculating ETR.
The first, classical amplitude-based protocol (ETRg,) is based

Fluorescence kinetics and photosynthesis

on the use of a change in fluorescence yield under a saturating
flash, AF'/F,, as a proxy of the actual quantum yield of photo-
chemistry in PSII under a given level of PAR (see Eq. 5). The
second, kinetic-based approach (ETR,) relies on the kinetic
analysis of electron transfer in PSII, which is deduced from
fluorescence relaxation kinetics (Fig. 3). Amplitude-based
ETR, tend to decrease as the growth rates decreased due to
nitrogen stress (Figs. 4B, 5B). However, the wide scatter of
experimental data points and, as a consequence, the weak cor-
relation between ETRg, and growth rates did not allow for this
dependence to be quantified. In contrast, the correlation
between kinetic-based ETR, and growth rates was markedly
better (Figs. 4C, SC). Also, the dependence between ETR, and
growth rates was clearly linear (Figs. 4C, 5C). In D. tertiolecta,
the regression coefficient between ETR and growth rates was
only R? = 0.65 for amplitude-based ETR, and R* = 0.95 for the
kinetic-based ETR, (Fig. 4B,C). In T. pseudonana, R? = 0.23 for
ETRp, and R? = 0.76 for ETR, (Fig. 5B,C). These results clearly
suggest that the kinetic-based approach dramatically improves
the accuracy of ETR measurements and offers a more accurate
proxy for the actual photosynthetic rates.

Modeling the effects of nitrogen limitation on growth rates
and rates of net primary production

The rate of net primary production is defined by the prod-
uct of carbon biomass (C) and growth rate (u):

NPc=dC/dt=Cp (13)

As cell growth drives the rates of net primary production,
the relationship between kinetic-based ETR measurements and
growth rates (Figs. 4C, 5C) offers a path toward modeling the
rates of net primary production from variable fluorescence.
How can this relationship be used to convert kinetic-based
ETR measurements to the rates of primary production?

Conversion of ETR rates to the rates of carbon fixation
relies on the electron requirement of carbon fixation (¢.,c),
which is defined as a number of electrons produced in PSII
photochemistry required to accumulate one cellular C (Kolber
and Falkowski 1993; Lawrenz et al. 2013). By definition, the
reciprocal of the electron requirement defines the electron
yield of carbon fixation. Here, we define the electron yield of
net primary production (®ypc) as the ratio of the number of
accumulated cellular C to the number of electrons produced
by photochemistry in PSII. ®yp. is the key parameter required
for conversion of ETR to the rates of primary production. The
observed relationship between ETR and growth rates (Figs. 4C,
5C) clearly suggests that nitrogen limitation imposes a major
control on ®yp.. Indeed, dnp. is maximal under nutrient-
replete growth and decreases to zero under severe nutrient
limitation when the growth rates are impaired.

Our results (Figs. 4C, S5C) revealed a linear relationship
between kinetic-based ETR and instantaneous growth rates for
conditions when growth is limited by nitrogen. Because the
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Fig. 4. Effect of nitrogen limitation on photosynthetic characteristics in the green alga, D. tertiolecta, in relation to growth rates. (a) The quantum yield
of photochemistry in PSII, £,/F,; (B) ETRs deduced from amplitude-based variable fluorescence; (€) ETRs deduced from kinetic fluorescence analysis.
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rate of net primary production is directly proportional to the
growth rate (Eq. 13), this linear relationship can be general-
ized to NP¢ as a function of ETR, or turnover rates:

NPc=ax—b (14)
where X = 7replete/7 iS the ratio of the turnover rate for a given
condition to its maximum value under nutrient-replete condi-
tions. In essence, x is the ratio of ETR, to its value under
nutrient-replete conditions. The x ratio characterizes the rela-
tive reduction in photosynthetic turnover rates by nitrogen
limitation.

The electron yield for net primary production (®npc) is, by
definition, proportional to the ratio of NP to ETR. Therefore,
®npe can be expressed as following:

DOnpe ~ (ax—b)/x (15)

This equation for ®np. can be scaled to absolute numbers
by using experimental values for the electron yields for gross
and net primary production for nitrogen-replete growth in

diatoms and green algae. Assuming that the electron yield of
gross oxygen production (i.e., the number of O, molecules
evolved per one electron) is 0.25 (Kolber and Falkowski 1993)
and the gross-to-net production ratio is 3.3 (i.e., 30% of gross
oxygen production is retained as net carbon production)
(Halsey et al. 2013, 2014; Juranek and Quay 2013), the maxi-
mum electron yield of net carbon production is 0.076. By
using this value and fitting our experimental dependence for
growth rates as a function of x, we obtained the following
dependence for ®yp:

Onpe = (I)Npcmax (178X —078)/)( (16)
where ®np. " = 0.076 is the maximum electron yield of net
carbon production for nutrient-replete growth and x = zrepiete/
7. The analysis of our experimental data for the diatom,
T. pseudonana, and the green alga, D. tertiolecta, revealed the
dependence ®np(x) was not significantly different (p > 0.1)
between these two model species (Fig. 6), implying that this
relationship might be general for phytoplankton, at least in
areas where nitrogen availability limits growth rates.
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Fig. 6. Effect of nitrogen limitation on the electron yield of net primary
production (®npc), in relation to photosynthetic turnover rates (1/z). The
plot combines data for two model phytoplankton species, including the
diatom, T. pseudonana, and the green alga, D. tertiolecta. The turnover
rates were calculated from the analysis of FIRe relaxation kinetics under
saturating irradiance. z and 7P'*'® are turnover times recorded in
nitrogen-limited and nitrogen-replete samples, respectively. The ratio of
T"®Plete/; characterizes the relative decrease in photosynthetic turnover
rates under nitrogen limitation.

The relative reduction in turnover rates (i.e., the x ratio)
can also be used to quantify the reduction in growth rates
under nitrogen stress:

/P = 1.85x—0.85 (17)

Here, u is the actual growth rate, x"P'*® is the maximum
growth rate under nutrient replete conditions, and x

Treplete/ 7.

We have quantified the relationship between variable fluo-
rescence kinetics and growth rates for nitrogen-limited growth
under saturating light. These results have implications for
photosynthesis in the upper, well-lit water column of the
ocean. The alterations in the growth rates reflect changes in
net carbon fixation (Eq. 13). When phytoplankton grow
under subsaturating light, the maximum ETR, can be scaled
down, using the irradiance dependence ERT,(E). However, in
this case, net carbon fixation rates will be overestimated,
because variable fluorescence does not measure respiration.

Discussion

Fluorescence-based methods for primary production rely on
measurements of ETRs in PSII and conversion of these rates to
carbon fixation by using the electron requirements of carbon
fixation (Kolber and Falkowski 1993; Lawrenz et al. 2013).
Field observations suggest that this conversion factor exhibits
~ 10-fold variability in natural phytoplankton communities and
is strongly affected by the extent of nutrient, including nitrogen,
limitation (Zhu et al. 2017; Hughes et al. 2018b; Ko et al. 2019).
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The accuracy of primary production estimates from variable fluo-
rescence is determined by the two key factors—the accuracy of
ETR measurements and that of conversion from ETR to C fixa-
tion. Our results revealed that the use of kinetic-based fluores-
cence analysis markedly improves the accuracy of ETR
measurements and allows one to quantify the impact of nitro-
gen limitation on the electron requirements of carbon fixation,
thus improving fluorescence-based estimates of net carbon fixa-
tion and growth rates of phytoplankton.

Improving the accuracy of ETR measurements

Amplitude-based variable fluorescence techniques became a
workhorse in plant physiology and oceanography to derive ETR
in phytoplankton and terrestrial plants (Genty et al. 1989;
Kolber and Falkowski 1993; Hughes et al. 2018a). Obviously,
these techniques do not measure ETR directly; instead ETR are
derived from biophysical models. Several models and modifica-
tions have been developed (Kolber and Falkowski 1993;
Oxborough et al. 2012; Hughes et al. 2018a). All these models
rely on the use of multiple parameters, such as quantum yield
of photochemistry in PSII, effective absorption cross-section of
PSII or absorption properties, the amount of open and active
reaction centers, spectral incident irradiance including its pene-
tration and attenuation within algal cells or leaves. As a conse-
quence, errors in all parameters add up and inevitably increase
the overall error of ETR calculations. Also, some of the model
parameters, such as absorption cross-sections and light intensi-
ties, critically depend on the accuracy of the instrument calibra-
tion. Finally, as amplitude-based ETR rates are not measured
directly, the overall accuracy of ETR estimates is further reduced
by the model assumptions.

In contrast to amplitude-based fluorescence models for
ETR, the kinetic analysis offers a direct way to measure the
rates of photochemical reactions in PSII and that of electron
transport, thus alleviating caveats of amplitude-based
methods. The dramatic improvement in the accuracy of ETR
measurements by the kinetic analysis was clearly evident from
better correlation between ETR and growth rates (Figs. 4C
vs. 4B, 5C vs. 5B). The accuracy of our proposed kinetic-based
method is essentially determined by uncertainties of a single
variable—the photosynthetic turnover rate (Eq. 7), which
markedly improves the accuracy of ETR measurements. The
extremely high sensitivity of the developed mini-FIRe instru-
ments allows for this kinetic parameter to be measured at high
precision (< 10%) even in oligotrophic waters of the open
ocean.

Estimating the electron yield of net carbon fixation from
kinetic fluorescence analysis

Comparisons of amplitude-based variable fluorescence and
14C measurements of primary production in diverse biogeo-
chemical regions of the ocean revealed that the electron
requirements for carbon fixation are influenced by the extent
of nutrient limitation and also may vary with taxonomy and
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other factors (Lawrenz et al. 2013; Zhu et al. 2017; Hughes
et al. 2018b). Closer examination of environmental factors
that may control the electron requirements suggests that
nutrient and, more specifically, nitrogen limitation imposes a
major control (Hughes et al. 2018b; Ko et al. 2019). Our results
corroborate these field observations and provide a mechanistic
understanding and quantitative characterization of the impact
of nitrogen limitation on the growth rates and the electron
yields of net carbon fixation. The electron yield for net pri-
mary production is maximal under nitrogen-replete condi-
tions and decreases down to near-zero under severe nitrogen
starvation (Fig. 6). The application of fluorescence kinetic
analysis allowed us to develop a simple fluorescence-based
indicator to predict the electron yields of carbon fixation for
the conditions of nitrogen limited growth.

Our examination revealed a linear correlation between
instantaneous growth rates and the kinetic-based measure-
ments of photosynthetic turnover rates (Figs. 4C, 5C) under
nitrogen-limited growth. This result clearly suggests that the
electron yield of net carbon production for nitrogen-limited
growth is controlled by and can be estimated from a relative
reduction in photosynthetic turnover rates (Eq. 16).

We propose a simple algorithm to deduce the electron yield
of net carbon production, ®yp. (Eq. 16) from the ratio
X = Treplete/7, based on fluorescence kinetic measurements. The
turnover rate z.epiece fOr nutrient-replete plankton is critical for
calculating the x ratio and for this algorithm. The absolute
value of 7 alone is not sufficient for quantifying the extent of
nitrogen limitation. Beside nitrogen limitation, the absolute
values of 7 are strongly affected by other environmental fac-
tors, such as photo-acclimation and temperature. For instance,
our experiments showed that low-light acclimation decreases
1/z two to three times, as compared its value under high light.
Low temperature also decreases dramatically the turnover
rates. For example, 1/z is five to eight times lower in nutrient-
replete Arctic waters, as compared to sub-tropical regions of
the ocean. Severe nitrogen limitation in the Arctic ocean in
the summer further decreases 1/ by a factor of ca. two,
suggesting dramatic reduction in growth rates and net primary
production (Ko et al. 2019). While field sampling, the turn-
over rate for nitrogen-replete plankton (1/z;epiete) and the ratio
X = Treplete/T Can be readily measured using a short-term
(~ 24 h) nutrient enrichment incubations, which alleviate
nutrient stress and thus recover 1/zpiete-

In marine ecosystems, photosynthetic rates have tradition-
ally been measured by following the uptake of radioactive
inorganic carbon into particulate organic matter. The '*C
uptake method, pioneered by (Steemann Nielsen 1952) is
extremely sensitive, but requires an incubation of samples in a
confined space. By the late 1970s, it became increasingly clear
that incubation of samples in bottles, especially in the oligo-
trophic open ocean, could lead to large artifacts due to trace
metal contamination (Carpenter and Lively 1980; Fitzwater
et al. 1982), and from alterations in the community structure
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during longer-term incubations (Eppley 1980). The measured
rates of '*C uptake depend dramatically on the incubation
duration (Marra 2009; Halsey et al. 2011, 2013). Also, the
results of short-term '*C incubations strongly depend on the
extent of nitrogen limitation (Halsey et al. 2011, 2013),
reflecting gross production rates in nutrient replete phyto-
plankton and net production rates in nitrogen limited plank-
ton. This difference between gross and net production rates is
> 100%, thus introducing large errors to the interpretation of
short-term '*C incubations, if the extent of nutrient stress is
not a priori known (Halsey et al. 2011; Milligan et al. 2015).
Our developed fluorescence kinetic analysis offers an easily
measured quantitative index of nutrient stress, in relation to
growth rates. This index is critically needed for accurate inter-
pretation of '*C uptake measurements when the extent of
nutrient stress varies.
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