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ARTICLE INFO ABSTRACT
Keywords: Chlorophyll (Chl)-deficient plants can potentially increase global surface albedo of mono-cropping systems, and
Non-photochemical quenching (NPQ) simultaneously maintain a similar photosynthetic efficiency by increasing light canopy penetration and thus

Photochemical quenching

Effective quantum yield of photosystem II
(®psi)

Electron transport rate (ETR)
Solar-induced fluorescence (SIF)

lowering investment in pigments. However, some previous studies have shown that pale mutants might reduce
productivity in field conditions. Such lower yields were suspected to be due to loss of photosynthetic efficiency at
leaf level during light fluctuations as a consequence of reduced capacity and slower relaxation of non-
photochemical quenching (NPQ) of Chl fluorescence. In this paper, we tested this hypothesis by comparing,
CO, assimilation (A), photosystem II (PSII) efficiency (®psy), photochemical quenching and NPQ, electron
transport rate (ETR) and fluorescence yield (Fyielq) in a green soybean (Glycine max L.) cultivar (Eiko) and in a
Chl-deficient (MinnGold) mutant under dynamically fluctuating light conditions. MinnGold had significantly
slower induction of ETR and lower A and ETR than Eiko, but there was little difference in ®pgy; between the two
genotypes, suggesting that the lower photosynthesis of MinnGold was mainly due to lower light energy ab-
sorption by a Chl-deficient leaf. The NPQ capacity was also smaller in MinnGold than in Eiko. As for the kinetics
of the rapidly inducible component of NPQ, MinnGold showed slower induction, not relaxation, than Eiko. The
combination of the effect of Chl-deficiency on lower photosynthesis, NPQ capacity and slower NPQ induction
may explain the lower biomass accumulation of MinnGold in the field. Our physiological observations, combined
with fluorescence kinetics, can serve as a basis to parameterize Chl content in modelling radiative transfer and
photosynthesis for upscaling measures of plant and ecosystem productivity by a big leaf model.

their reference wild types, albeit not consistently (see comparative
studies in [4-6]). The higher C uptake was attributed to a better dis-
tribution of light within the canopy [7-9] and thus to an increase in
photosynthetic light-use efficiency of the plant as a result of reduced
light-harvesting antenna size in upper-canopy leaves [10]. However,
other studies have reported lower leaf photosynthetic rates in
Chl-deficient mutants [11] or reduced crop yields even with similar
photosynthesis and respiration at leaf scale or at canopy scale under
steady-state conditions [12]. These contrasting results call for identifi-
cation of physiological mechanisms behind possible yield gaps in
pale-green plants. Understanding these mechanisms is a precondition to
successfully apply genome editing to create Chl-deficient plants with
improved productivity for effective solar radiation management.

Introduction

Pale-green plants, i.e. varieties that can reflect more light than their
conventional ancestors, have been proposed as a possible solar radiation
management strategy to reduce negative impacts of climate change [1,
2]. Yet, the idea of enhancing leaf reflectance and transmittance by
reducing the concentration of light-absorbing pigments in leaves is only
appealing if photosynthesis and yield are not negatively affected by such
a reduction. In fact, photosynthetic rates of plant leaves have often been
related to their chlorophyll (Chl) content [3]. Contrary to this notion,
recent papers have shown that Chl-deficient mutants may exhibit similar
or even higher carbon (C) uptake rates and biomass accumulation than
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List of the most important abbreviations

A net CO,, assimilation rate

ChlF chlorophyll fluorescence

C; calculated CO, concentration inside the leaf

ETR electron transport rates estimated by fluorescence

gs stomatal conductance

Ja electron transport rates estimated by gas exchange

Fyield fluorescence yield

Fy/Fm maximal efficiency of PSII

NPQ non-photochemical quenching

qL fraction of open PSII reaction centers according to the
lake model

qP photochemical quenching, fraction of open PSII
reaction centers according to the puddle model

qPd qP in the dark following light exposure

Pp efficiency of basal heat dissipation

D¢ efficiency of fluorescence emission

Dnpo efficiency of regulated heat dissipation

Dpgp operating efficiency of PSII

Two recent studies [12,13] focusing on a Chl-deficient soybean
(Glycine max (L.) Merr.) variety MinnGold have attributed the lower
crop yield measured in the field to seemingly slower relaxation of
photo-protective non-photochemical quenching (NPQ) during light
fluctuations. More in general, for soybean crop canopies, this slow NPQ
relaxation upon sun-shade transitions was calculated to cost >11% of
daily carbon assimilation [14]. If this is the case, accelerating NPQ ad-
justments might increase the photosynthetic C uptake and hence
biomass in either green or Chl-deficient plants [15]. Maximizing
photosynthetic light-use efficiency in fluctuating light environments,
while avoiding photo-inhibition, necessitates fast adjustments and co-
ordination of the light reactions and CO» assimilation [16]. The strategy
to accelerate NPQ induction and relaxation has been applied to both
tobacco [17] and soybean plants [15] to improve C gain and biomass,
although the same approach resulted in decreased biomass accumula-
tion in Arabidopsis [18]. This implies that there are still missing gaps on
understanding the link between Chl concentration, its effect on the
balance between NPQ and photosynthesis and its consequence on plant
productivity. Radiative transfer and photosynthesis models may fill this
gap, but linking light absorption by Chl to the three energy dissipation
pathways (fluorescence, photosynthesis and NPQ) still needs further
investigation.

After light energy absorption by photosynthetic pigments, excitation
energy transfer is influenced by the connectivity between photosystem
complexes [19,20]. The lake model assumes infinite excitonic connec-
tivity among all PSII reaction centers via shared light-harvesting
antennae, whereas the puddle model is based on excitonically separate
PSII units [20,21]. To date, we do not know which model, or an inter-
mediate between the two, can better describe the situation in different
plant species under various environmental conditions. Nevertheless, Chl
fluorescence (ChlF) parameters like qP and qL (based on the puddle and
lake model, respectively; [20,21]) are being used to estimate the fraction
of open PSII centers (with the primary quinone acceptor Qp oxidized)
performing photochemical quenching. Given the function of Chl for light
harvesting, Chl deficiency may alter the partitioning of absorbed light
energy between PSII and PSI, or the excitation energy transfer between
PSII reaction centers. These factors are also relevant for understanding
passive solar-induced fluorescence (SIF) signal. While the quantum yield
of ChIF emission at PSII (@) is defined by the rate constants of photo-
chemical (kpsy) and non-photochemical processes (knpq and kp for
regulated and non-regulated processes, respectively), measured ChlF
intensity (F) is also influenced by additional factors, including light
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intensity, leaf absorbance, the fraction of light energy absorbed by PSII
(fractionpsyy), and reabsorption of emitted ChlF [22,23].

In this paper, we tested the hypothesis that Chl-deficient plants have
slower adjustment of photosynthetic light energy harvesting under
fluctuating light conditions. Working on this hypothesis enabled us to
explore in detail the morphological and physiological differences be-
tween Chl-deficient and green leaf. We used the soybean variety Min-
nGold [12] that has ~80% less Chl contents than green varieties and
grew it in growth chambers with light regimes similar to what we used in
leaf cuvette for photosynthesis measurement. In particular, we
measured plants grown either in fluctuating or non-fluctuating light
conditions to test if the growing conditions are affecting the measure-
ments thus reducing the artifacts. The effects of Chl deficiency on
excitation energy partitioning and linear electron transport were studied
by combining ChlF and leaf gas exchange measurements under
dynamically fluctuating light conditions. The parameters were assessed
during photosynthetic induction (dark-to-light transitions) and during
light fluctuations in the minute range.

Materials and Methods
Plant materials and growth conditions

The pale-green mutant MinnGold and the green variety Eiko were
sown in pots (13 x 13 x 18 cm) and grown inside two 0.54 m> growth
chambers (16 pots chamber 1) under fluctuating (FL) and non-
fluctuating (NFL) light, respectively (for a detailed description of the
system, see [24]; and environmental conditions are shown in Fig. S1).
The LED system within each chamber was set to simulate a fixed daily
profile (June 21%Y) at a latitude of 46.07° N and a longitude of 13.23° E
with a maximum photosynthetic photon flux density (PPFD) of 650 umol
m~2 s ! at noon (NFL treatment). This target value was chosen because,
according to the data provided by [12], this light intensity is not satu-
rating and allows to prevent photoinhibition, thus to ensure that the
measured responses were only due to the applied light fluctuations. In
FL, light fluctuated +20% with a period of 60 s around the hourly value
set in NFL. By doing this, plants grown either in FL or NFL received the
same cumulative light intensity throughout the day. The 20% in light
fluctuations were also chosen mainly to avoid photoinhibition [12] and
thus only affecting the reversible component of NPQ (qE). Moreover, the
1-minute fluctuation was chosen to stress the photosynthesis itself (in
particular the light phase) rather than other processes such as stomatal
conductance, whose response is an order of magnitude slower [25].
Three plants from each treatment were randomly selected 24 days after
sowing and dark-adapted prior to the leaf-level measurements of ChlF
and gas exchange described below.

Morphological measurements

Mean plant height and mean leaf area per treatment, as well as leaf
Chl content, were measured 4 or 5 times during the experiments on three
randomly selected plants or leaves in each chamber, respectively. Plant
heights was measured with a meter stick, the leaf area was calculated by
approximating the leaf to a rhombus and therefore by measuring its
major (M) and minor (m) diagonals, while the Chl content was measured
using a SPAD.

Leaf-level gas-exchange and fluorescence measurement

On the three randomly chosen plants for each treatment 24 days after
sowing, young and fully expanded leaves were selected to measure the
quantum yield of ChlIF and gas-exchange parameters during light in-
duction. Measurements were done using a LI-6800 (Licor Biosciences,
Nebraska, USA) equipped with an infra-red gas analyzer coupled with
pulse-amplitude modulation (PAM) fluorometer. All plants were dark-
adapted overnight prior to measurements. Before turning on the
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actinic light inside the leaf cuvette, measuring beam (< 1 ymol m 25~ 1)
was turned on to obtain the minimal fluorescence yield Fy and a short
saturating flash (> 6,000 umol m~2 s™1) of 800 ms was given to obtain
the maximal fluorescence yield in the dark-adapted state (F). The
maximal efficiency of PSII (F,/F,) was calculated according to Eq. (1)
[26].

_(meFO)
Fv/meT (€8]

Dark respiration rate was measured before the onset of illumination.
During light induction using constant intensity of red (94%) and blue
(6%) light (650 pmol m~2 s’l), CO5, level inside the leaf cuvette was
maintained at 400 pmol mol !, vapor pressure deficit of the leaf was set
to 1.8 kPa and leaf temperature at 25°C. For measurements in fluctu-
ating light, all environmental parameters were the same except that the
light intensity was changing between 780 pmol m~2 s~! and 520 pmol
m~2 5! with a period of 60 s, similarly to the conditions within the
growth chambers. Gas-exchange and ChlF measurements were recorded
for 60 min after turning on the light inside the cuvette and for another 6
min after light was turned off. Throughout the whole measurement
period (60 min light + 6 min dark), 800-ms saturating light of > 6,000
pumol m~2 s~ was applied onto the leaf every 20 s to measure the
maximal fluorescence yield in the light (F’y,) and dark (Fp,). The oper-
ating efficiency of PSII (®pgyy) was then calculated using Eq. (2), where Fg
is the steady-state fluorescence yield recorded after the measuring beam
under the actinic light [27].

(F;ﬂ — F‘)
F

m

Dpgy = 2)
NPQ was calculated according to [28] based on the Stern-Volmer
method (Eq. (3)).

(Fn —F,)
7

m

NPQ = 3)
To analyze the NPQ kinetics, we fitted the data with single or double

exponential curves as in [29]. The following equation was used to

analyze NPQ induction in dark-adapted leaves upon illumination:

NPQ; = yo + Ay * (1 —exp (—%)) @
1

We assumed yo = O since the induction was measured in dark-
adapted leaves. We used a single exponential function for the NPQ in-
duction in Eiko and MinnGold. For NPQ relaxation during the 5-min leaf
darkening following 1-h light protocol, the following equation was used:

NPQ, =yo+ A * exp(—i> + A, % exp(—i> 5)
Ty 72

Three different components were assumed in NPQ relaxation; a fast
component which is related to the rapidly reversible qE component
described by the amplitude A; and the time constant (lifetime) 7;, a
second component which is presumably linked to the conversion of
violaxanthin to zeaxanthin described by A, and 75, and a slow compo-
nent which is regarded as the photoinhibitory component of NPQ (qI)
described by yo [29]. The fitting was done in MATLAB2019
(fminsearch).

The electron transport rates estimated by ChlF (ETR, Eq. (6)) and by
CO, gas exchange (Jq, Eq. (7)) were also calculated based on the
methods described in [30] and [31], respectively.

ETR = I * fractionpsy; * a * ®pgyy 6)
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ETR is a function of the incident light intensity (I), the fraction of
absorbed light received by PSII (fractionpsy) which is normally set to 0.5
[32], and the absorbance coefficient (o) which was set to 0.55 for
MinnGold and 0.78 for Eiko, as calculated in the growth chambers [24].
On the other hand, J, is a function of the respiration in the dark (Ry), the
net CO, assimilation (A), CO5 concentration inside the leaf (C;), and the
CO; compensation point (I'*) in the absence of dark respiration [33]. T'*
was set to 43.67 umol mol ! according to the I'* of Glycine max used by
[34] (converted from the Pa units using the conversion table from [35]).

The efficiency of each energy dissipation pathway was determined
throughout the photosynthetic induction. We assumed that the sum of
the quantum yield of ChlF emission (@, in Eq. (8); [19]), PSII photo-
chemistry (®pgyr in Eq. (2); [27]), regulated heat dissipation (®npg in
Eq. (9); [4,28,36]) and basal heat dissipation (®p in Eq. (11)) is equal to
unity (Eq. (12)).

(Fy, — Fy)

O = F Ry ®
Fy Fy
ove=(z) - (%) 2
F&
®rp = 10)
@p = Drp — By an
1 = (I>f + (I)PSII + (I)NPQ + (I)D (12)

Finally, the fraction of open PSII reaction centers was computed on
the basis of either the puddle model (qP, Eq. (13)) or the lake model (qL,
Eq. (14)). The calculations were adopted from [19].

7

(F,—F)

9P = ——————
(F'n = Focatc)

13)

/ /

L
_ (Fm - F‘) % F(Jz'ulr. (14)
v"] . - 7 (F m F()mlc) FJ‘

el
&l
3

Both Egs. (13) and (14) require estimation of the minimal fluores-
cence yield in a light adapted state (F’() which was calculated in this
study (F’¢ calc) according to [37].

, 1

Focate =
1 _ 1 + -1
Fo  Fm ' F,

Calculating photoprotection of NPQ after photosynthetic light induction

(15)

We evaluated the difference in photoprotection between Eiko and
MinnGold during the dark period following the light treatment by using
the parameter qPd (qP in the dark after light exposure [38]), also called
PI (photoprotection index [15]).

(o= Fou))
(F,m - FOEM[(‘) (16)

where F’( ot is the measured actual F’g in the dark following light
exposure. qPd range from O to 1 where 1 indicates that no photo-
inhibition occurred [38] and NPQ was fully effective [15].

qPd =

Statistical tests

Pairwise mean comparisons between MinnGold and Eiko were per-
formed using Welch two-sample t-test in R software (R Core Team, 2016)
for all the parameters described above.
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Results
Plant morphology and the effect of fluctuating light on Soybean growth

Even if the two varieties show a clear difference in the color of the
leaves and on their Chl content (Fig. 1), FL treatment did not signifi-
cantly affect the growth. In fact, although there was an obvious height
advantage of Eiko (i.e. Eiko were taller than MinnGold especially at later
stage), both plants did not grow better under NFL. Seemingly, leaf area
followed a similar trend with the exemption that, in later stage before
final harvest, Eiko plants grown in FL had larger leaf area than the ones
grown under NF and MinnGold plants in FL were apparently taller than
the ones grown under NFL (Fig. S2).

Excitation energy transfer during photosynthetic induction

We first analyzed the effects of Chl deficiency on photosynthetic
induction. Upon illumination of dark-adapted plants, ®pgj; increased in
both varieties equally (Fig. 2a), even if the fluorescence parameters were
corrected based on the contribution of PSI (data not shown). Thereafter,
MinnGold showed slightly higher ®pgj; until similar steady-state levels
were reached in both varieties (Fig. S3a). As expected, the fraction of
open PSII centers was larger when it was estimated by the puddle model
(qP; Fig. 2b) than by the lake model (qL; Fig. 2¢) [19]. Interestingly, qP
was nearly identical in the two varieties (Fig. 2b), while qL was smaller
in MinnGold (Fig. 2c). In addition, the light-induced formation of NPQ
peaked in Eiko after ~10 min before starting to decline gradually and
continuously (Fig. S3d). The low NPQ of MinnGold showed a saturation
curve. Similar to ®pgyy, this trend remained the same even if we corrected
for the contribution of PSI. Furthermore, we noticed that leaf tempera-
ture was unstable during the measurements of Eiko, which may have
resulted in the discontinuous induction traces of this variety (Fig. S3).
Nevertheless, this did not change the general trends described above.

Energy partitioning after induction

To understand the effect of Chl deficiency on energy partitioning at
PSII level, we then analyzed the quantum yield of the four energy
dissipation processes, ®pgy, Pnpg, Pf, and @p, after 11 minutes of
photosynthetic induction. MinnGold had lower ®p and ®ypg and higher
@y than Eiko (all p<0.001; Table 1), while no significant difference in
®pg; was found between the two varieties. Contrary to the higher ®f at
PSII but in accordance with less light absorption, the apparent Fyielq at
leaf level was significantly lower (p< 0.001) in MinnGold (Table 1). As
seen for ®npg and Ppgy;, lower NPQ (p<0.001) was measured in Min-
nGold but F,/F, was comparable (p=0.053) (Table 1). In fact, these
plants had similar F,/Fy, values regardless of whether they were grown
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under, and thus acclimated to, the NFL or FL conditions (Table S1).
Consistent with the reduced NPQ capacity, MinnGold was less efficient
in photoprotection, as assessed by the parameter qPd (p=0.0088)
following 1-h light exposure to the constant (650 pmol m~2 s™!) or
fluctuating light (changing between 780 and 520 pmol m~2 s~ every 60
s) with a train of > 6000 pmol m~2 s™! saturation pulses applied every
20 s to measure F’p,. Still, F,/Fy, decline was similar in both genotypes
after these treatments (Table S1).

Comparison of electron transport rates obtained by ChlF versus CO2 gas
exchange

The rate of linear electron transport was calculated from ®pgj; (ETR;
Fig. 2e) or CO3 gas exchange (J,; Fig. 2f) measured during the photo-
synthetic induction. Both traces largely paralleled the changes in ®pgyy
(Fig. 2a), although the values were always higher in Eiko than in Min-
nGold. Between the two types of electron transport parameters, the
values were initially similar but ETR became substantially lower than J,
after 10 min. A peculiar feature found in MinnGold, but not in Eiko, was
the delayed increase in J, around 10 min after the onset of light exposure
(Fig. 2f). This pattern also appeared in the net CO2 assimilation (A;
Fig. 2g), together with a delayed increase in stomatal conductance (gs)
in MinnGold (Fig. S3h). While the initial g; in the dark and during the
first ~10 min of illumination was somewhat higher in MinnGold than in
Eiko (Fig. 2h), it remained lower in MinnGold the rest of the time
(Fig. S3h). The calculated CO, concentration inside the leaf (C;) stayed at
~300 pmol mol ! in both cultivars at steady state, after an initial decline
in the first 10 min and recovery until 20 or 30 min in Eiko and MinnGold,
respectively (Fig. 2i).

The distinct induction patterns of ETR and J, found in MinnGold and
Eiko (Fig. 2e, f) prompted us to plot these two parameters against each
other. The relationship fell initially onto a 1:1 ratio but with substantial
deviations at high values (Fig. 3). The deviations emerged in both va-
rieties 10-15 min after dark-to-light transition. Thereafter, J, was always
higher than ETR in Eiko. In contrast, some data points of MinnGold were
above the 1:1 line, corresponding to the sluggish J, increase observed in
this variety after ~10 min (Fig. 2f). Beyond this point, however, Min-
nGold showed the same picture as seen in Eiko (ETR<Jy).

Finding this discrepancy, we then analyzed the product of fractionpsyy
* o — the two parameters in the ETR calculation (Eq. (6)). This product is
normally considered as constant (typically 0.42, assuming 0.5 for frac-
tionpsy and 0.84 for o), although it is known to be an unvalidated
approximation [30]. By combining Eqs. (6) and (7), we calculated this
product as a dynamic parameter that accounts for the deviations from
the 1:1 relationship found in Fig. 3 (Supplementary Note 1). Fig. S4
shows how this product changed, especially during the first 30 min of
photosynthetic induction from a dark-adapted state. A steep decline in

Type Eiko MinnGold
Chl content
(SPAD units) 36.75 + 0.54 15.25 + 0.55

Fig. 1. Photos of the two cultivars inside the growth chambers and their Chl contents.
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Fig. 2. Analysis of ChlF and CO, gas exchange during the initial phase of photosynthetic induction in the green variety Eiko and MinnGold. (a) Operating efficiency
of PSII, ®pgyy, (b) open fraction of PSII based on the puddle model, qP, or (c) the lake model, qL, (d) NPQ, (e) PSII electron transport rate, ETR, estimated from ®pgy,
(f) actual electron transport rate, J,, derived from gas exchange data, and (g) net CO, assimilation rate, A, (h) stomatal conductance, gs, and (i) calculated CO,
concentration inside the leaf, C;. Plants were grown in either the NFL or the FL condition and dark-adapted overnight prior to the measurements. Since no significant
effect of the growth light conditions was found (Table 1), data of all plants (n=6) were combined for each genotype. During the induction, light intensity was
maintained at 650 pmol m~2 s~1. The solid lines show the average values and the pale areas represent the standard errors.

Table 1

Differences in the fluorescence parameters between Eiko and Chl-deficient
mutant MinnGold under steady-state conditions. The values are means + stan-
dard errors (n=6). Different letters indicate a significant difference between the
two varieties (p<0.05).

Fluorescence parameters Eiko MinnGold
Fyield 948.7 + 23.9° 680.5 + 31.1°
NPQ 2.17 + 0.10° 1.03 + 0.05"
Fy/Fm 0.812 + 0.004* 0.825 =+ 0.005%
qPd 0.837 + 0.010% 0.793 =+ 0.009"
N 0.062 + 0.007? 0.241 + 0.021°
Do 0.517 + 0.027% 0.380 + 0.017°
p 0.177 + 0.007% 0.133 =+ 0.005"
Opsit 0.244 + 0.029% 0.246 + 0.033%

the first ~ 4 min was followed by a slow increase before reaching a
steady state after ~20 or ~30 min in Eiko and MinnGold, respectively.
The onset of the increase was delayed in MinnGold by ~10 min
compared to Eiko. As expected, MinnGold had generally lower frac-
tionpgyy * o than Eiko throughout the induction (Fig. S4).

Adjustments of photosynthetic light use during light fluctuations

To evaluate the effect of Chl deficiency on adjustment of absorbed
light energy partitioning at PSII, we compared @y, ®pgy;, @p and Pypg in
MinnGold and Eiko during the induction in fluctuating light or constant

light (Fig. 4). By calculating the areas under the curves of individual
components, we found, for each variety, no significant difference in
energy partitioning between the two light treatments of photosynthetic
induction or between the two growth light conditions (Table S2). Both
varieties exhibited their typical energy partitioning patterns in the
fluctuating light as well as in the constant light condition (Fig. 4).

To test whether Chl-deficiency alters the kinetics of NPQ adjustment,
we analyzed time constants (t) of NPQ induction and relaxation in
constant light and subsequent leaf darkening. Both induction and
relaxation of NPQ were fitted to exponential functions: the induction
data indicated the presence of a single dominant component (Eq. (4)),
while two exponential components were needed to describe the relax-
ation data (Eq. (5)). During induction, MinnGold had a smaller ampli-
tude (A;) and a longer t; compared to Eiko (Table 2), suggesting a
reduced capacity and slower formation of rapidly inducible qE in Chl-
deficient leaves upon light exposure. No significant difference was
found between the two varieties during dark relaxation (Table 2).

Notably, ®pgy; was similar for both types during the induction phase
(Fig. 5a), although the values tended to be slightly but reproducibly
higher in MinnGold under both 780 and 520 pmol m 2 s™! of the fluc-
tuating light treatment after >20-min light exposure (Fig. S5a). While
the difference in ®pgy; slowly disappeared in 520 pmol m2s L ®pgyy of
MinnGold remained higher in 780 pmol m 2 s~ . Slightly higher ®pgy; of
MinnGold is also seen in Figs. S3a. The largest difference in ®pgy; was
observed ~30 min after dark-to-light transition (Figs. S3a and S5a),
much later than the largest difference in ®ypg was recorded (Figs. 5b
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Fig. 3. Correlation between ETR and J,. Data were collected in Chl-deficient leaves of MinnGold (light green) and green leaves of Eiko (dark green) during
photosynthetic induction under constant illumination at 650 pmol m~2 s~ (cf. Fig. 1e, f). The dashed line shows the 1:1 relationship. Symbols and vertical /horizontal

bars represent means and standard errors, respectively (n=6).

and S5b). In this case, to compare the dissipative processes to the
quantum yield of PSII (®pg) we show the quantum yield of the light-
induced NPQ, ®npq, as it is representative of the gE component of
NPQ [36].

Discussion
How does Chl deficiency affect light harvesting and photoprotection?

The bulk of Chl molecules is embedded in pigment-protein com-
plexes to absorb and transfer light energy to the reaction centers of PSII
and PSI. The puddle model, which is based on excitonically independent
PSII units, calculated similar fractions of open PSII centers in MinnGold
and Eiko during the induction (Fig. 2b). The lake model, which assumes
infinite excitonic connectivity among all PSII centers, indicated that the
fraction of open PSII centers was smaller in MinnGold than in Eiko
(Fig. 2¢). The qP and qL differed substantially (by ~50%) in each va-
riety, as is expected when the open PSII fraction is small [19]. It
therefore seems that, upon dark-to-light transition, excitonic connec-
tivity among (mostly closed) PSII centers approaches, at least initially,
the situation of qP and the puddle model. The underestimation of qL in
MinnGold (Fig. 2¢) suggests lower actual connectivity of PSII centers in
Chl-deficient leaves. This is in line with the earlier observation in
Y11y11 [38].

Chl deficiency resulted in a smaller PSII antenna size in Y11y11
compared to its wild type Clark by restricting the accumulation of light-
harvesting antenna complexes, especially the major light-harvesting
antenna LHCII [37]. Concordantly, transgenic Arabidopsis plants hav-
ing low amounts of LHCII displayed low NPQ phenotypes [39,40,41].
Similar antenna downsizing was also found in Chl b-less barley chlorina
mutants [42,43] and Arabidopsis ch1 [44]. The low NPQ capacity found
in MinnGold (Figs. 2d and 5b for ®ypg, Tables 1 and 2) is therefore in
good agreement with the functional link between NPQ and the
Chl-binding antenna complexes.

The NPQ of MinnGold is characterized by a low capacity and slow

formation of qE (Table 2). Although slow NPQ relaxation was previously
hypothesized for MinnGold [12], the two varieties did not significantly
differ in relaxation kinetics of NPQ in our experiments. Different light
fluctuation regimes and growth conditions used in [12] and this study
may have induced different NPQ levels with different relaxation
kinetics.

We found similar, or sometimes even higher, F,/Fp, in MinnGold
(Table 1; Table S1), suggesting that the Chl- and NPQ-deficient leaves
were apparently not suffering from severer PSII damage under the
constant and fluctuating light conditions. A decrease in F,/Fp, is widely
used as an indicator of photoinhibition and stress [45]. Interestingly,
while decline of F,/Fy, after the 1-h light exposure was no larger in
MinnGold than in Eiko (Table S1), lower qPd (Table 1) pointed to
increased photoinhibition in MinnGold. The parameter qPd checks the
difference between the actual (F’¢ 5¢t) and calculated (expected) mini-
mal fluorescence yield (F’g calc; [37]) in the presence of dark-sustained
NPQ (Eq. (16); [38]). Unlike Fy/Fp, qPd detects F'o act > F'o cale
resulting from accumulation of permanently closed PSII centers or
detachment of unquenched antenna complexes. Lower NPQ and qPd but
similar Fy/Fy, (Table 1; Table S1) hints at lower dark-sustained antenna
quenching in MinnGold. It is worth mentioning that the contribution of
PSI to fluorescence level could be different between the two varieties
[46]. Thus, new proposed methods taking into account the PSI contri-
bution to Fyjelg should be considered in future works [46,47].

Most likely, other photoprotective mechanisms were compensating
for the NPQ deficit in Chl-deficient leaves, as a large pool of carotenoids
relative to Chl [43,48,49] and the upregulation of D1 protein repair [50,
51]. Higher operational costs of photosynthesis arising from increased
photoinhibition and repair [52,53] may have contributed to the growth
penalty reported for field-grown plants of MinnGold compared to Eiko
[12]. Effects of Chl deficiency on stress resilience need to be investigated
in adverse environments, in which both costs and benefits of photo-
protection and maintenance increase.
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Fig. 4. Energy partitioning of absorbed light in Eiko (a, ¢) and Chl-deficient mutant MinnGold (b, d) during induction in constant light (a, b) and fluctuating light (c,
d). Quantum yield of fluorescence emission (®g), PSII photochemistry (®psy;), non-regulated basal heat dissipation (®p) and regulated photoprotective heat dissi-
pation (®npg) were traced during the initial phase of photosynthetic induction. The partitioning is represented by the areas of different gray scales. The actinic light

intensity was set to 650 pmol m~2 s~

are means of three plants.

Table 2

Kinetic parameters of NPQ in Eiko and MinnGold assessed during dark-to-light
transition and after subsequent darkening. The NPQ induction and relaxation
were fitted with single or double exponential functions, respectively, according
to Eqns. 4 and 5. A single exponential component was found in the induction
data, whereas two exponential components were needed to fit the relaxation
data. For induction, initial NPQ in the dark (yo) was set as zero. The values are
means + standard deviations (representing the fitting errors of the respective
parameter with n=6). R% was >0.8 for induction, >0.9 for relaxation. Different
letters show significant differences between the two genotypes at a=0.05.

Type Yo Ay 71 () Az T2 (8)
Induction
Eiko 2.07 + 49.30 +
0.09? 6.08 2
MinnGold 1.07 + 109.48 +
0.03" 14.84°
Relaxation
Eiko 0.60 + 0.46 + 26.33 + 0.48 + 6086.24 +
0.37° 0.06° 9.76 2 0.36 ° 5487.4%
MinnGold ~ 0.19 + 0.34 + 29.21 + 0.67 + 6204.97 +
0.14° 0.03° 6.62° 0.16 2 4164.12

How does Chl deficiency affect photosynthetic induction and electron
transport?

MinnGold had similar ®pgj; (Fig. 2a) but lower ETR and J, (Fig. 2e, f)
aswell as A (Fig. 2g) compared to Eiko because of less light absorption at

in the constant light protocol while it was changing between 780 and 520 pmol m

~2 57 in the fluctuating light protocol. Data

leaf level [24]. The difference in ®ypg between the two plants most
clearly manifested itself during the first 10 min of induction (Fig. 5b)
when ®pgy; was the same in both (Figs. 2a and 5b), indicating that ®npg
was not the reason for the low PSII efficiency during this period. Instead,
low gs (Fig. 2h) was limiting photosynthesis shortly after dark-to-light
transition. Notably, the comparison between ETR and J, yielded a 1:1
correlation (which is expected [54]) during this initial phase (Fig. 3)
despite highly variable C; (Fig. 2i) and the assumptions made in the
calculations, such as the factor 0.5 for fractionpgy in Eq. (6) or the value
of ['* borrowed from [34] in Eq. (7).

A good match between ETR and J, during photosynthetic induction
necessitates a feedback regulation to adjust the PSII activity to the needs
for NADPH and ATP. Rapid activation of NPQ (Figs. 2d and 5b) serves to
dissipate excess light energy as the plastoquinone pool becomes
increasingly reduced and PSII reaction centers get closed (Figs. 2b, 2c).
Slow and limited induction of NPQ during this period (Table 2) would
promote production of reactive oxygen species in MinnGold. After this
initial stage, the increase in A (thus also J,) visibly slowed down in
MinnGold (Fig. S3f, g) without a corresponding change in ®pg;; and ETR
(Fig. Sla, e), giving rise to the data points above the 1:1 line of Fig. 3. A
simple explanation for ETR>J, is transport of electrons to alternative
electron sinks such as the Mehler reaction [31]. The transient deceler-
ation of A rise (Fig. 2g) may have promoted electron transport to other
sinks. Overestimation of fractionpgsy; * o (set as 0.5 * 0.55 for MinnGold) is
another possible scenario for ETR>J,. The energy partitioning between
PSII and PSI (fractionpsyp), on the other hand, is modulated by relative
abundance of these photosystem complexes and state transitions [55].
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Fig. 5. Operating efficiency of photosystem II (®pgy; a) and non-photochemical quenching (®npg; b) traced during the initial phase of photosynthetic induction

-2 1

under fluctuating light in Eiko and Chl-deficient mutant MinnGold. The light intensity was fluctuating between 780 pmol m~2 s~! (yellow) and 520 pmol m~2 s
(gray) with a period of 1 min. The solid lines represents the average, the pale areas show the standard errors (n=3).

We suggest that these measurements should be measured in future ex-
periments relating Chl-deficient plant to photosynthesis. Yet,
Chl-deficient MinnGold, like the Chl b-less (LHCII-less) barley chlorina
mutant [56], is unlikely to do more state transitions than Eiko does.
Since ChIF analysis mostly reflects signals from chloroplasts in upper cell
layers that are close to the measurement surface, discrepancy between
ETR and J, (ETR>J,) may arise, especially when using blue light that is
strongly absorbed by upper-layer chloroplasts [57]. Nevertheless, the
light used in this experiment is only 6% blue light. We also did observe a
~2.5 % higher intensity of saturating flash recorded in MinnGold
(Fig. S6), likely resulting from the higher reflectance of Chl-deficient
leaves which may have affected the determination of ®pg and thus
ETR. While we cannot rule out the possible effects of chloroplast
movement and carotenoid absorption, assuming that the transient
slowdown of A increase (Fig. 2f) is the direct cause of ETR>J, in the
Chl-deficient leaves, alternative electron sinks seem to be the most
probable explanatio

As the induction curves approached the steady state, the correlation
between ETR and Ja started to deviate from the 1:1 line in both varieties
(Fig. 3). At this stage, ChlF was underestimating ETR regardless of the
leaf Chl contents. None of the aforementioned sources of discrepancy
can account for ETR<Ja. Yet the substantially higher steady-state value
of fractionPSII * « seen in Fig. S4 than used in Eq. (6) may be due to
imbalance in light energy distribution between PSII and PSI, this is
difficult to reconcile with liner electron transport. Looking at the ki-
netics of Fm’ (data not shown), we observed unsteady kinetics at the
initial stage of induction, indicating a non-saturating pulses. We there-
fore suspect that ETR<Ja was due to underestimated levels of Fm’.
Furthermore, the protocol applied for the fluorescence measurements
(180 saturating pulses during the light treatment and 18 during the dark
treatment) may have potentially affected the trace and therefore, in
future works, it would be vital to check how the interval between pulses
affect the fluorescence kinetic.

For these reasons, we focused our analysis on the first 11 minutes of
the experiment, in which ETR is not substantially lower than J, (Fig. 3).
The data further this point are only shown in supplementary Figs., since
the trend still shows good agreement with the gas-exchange data.

It has been suggested that reduced light absorption of Chl-deficient
leaves may improve canopy-level photosynthesis by allowing deeper
light penetration into the canopy [58]. However, Y11y11 and its wild
type Clark showed similar canopy photosynthesis in the field [6] and so
did MinnGold and Eiko [12, [59] in non-fluctuating light]. For Min-
nGold, no increase in canopy photosynthesis may be explained by lower
ETR and A at leaf level (Fig. 2e, f, g). For Y11y11, in contrast, leaf-level
photosynthesis (as well as NPQ) was comparable with Clark [6]. A
simulation study based on 67 soybean accessions with varying leaf Chl
contents has predicted no drawback, but also no gain, in canopy
photosynthesis by Chl deficiency [60] due to non-optimal N distribution
inside the canopy. The contrasting photosynthesis and NPQ phenotypes
found in MinnGold (this study and [12]) and Y11y11 [6] at leaf level are
probably related to different genetic backgrounds, in addition to the
allelic effects of Chllla [61]. Comparative studies using MinnGold and
Y11yll as well as Clark and the parental lines of MinnGold
(M99-274166 and MNO0091; [861]) may reveal factors that determine
photosynthetic and photoprotective capacities of Chl-deficient leaves.

How does Chl deficiency affect the apparent yield of fluorescence
emission?

Chl-deficient leaves of MinnGold had higher ®¢ at PSII and lower
apparent Fyjelq at leaf level (Table 1). The decrease in the apparent Fyjelq
is probably a consequence of the dramatically reduced Chl content and
thus light absorption. This dominant effect of low Chl content on lower
Fyield, which contradicted the increase in ®¢ in MinnGold, exemplifies
the focal point at which estimating aPAR is necessary to derive Fyjelq.
Following the emission by Chl molecules, various factors can influence
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Fyiela When it is detected from outside the leaf surface or the canopy
which are critical when analyzing passive ChIF signal such as SIF.
Several studies retrieving SIF at canopy and regional scale showed high
degree of correlation between SIF and gross primary production, which
has been explained by the correlation between Chl content (per leaf
area) and photosynthetic light absorption [62,63]. However, such a
correlation is not always valid at higher Chl contents where the rela-
tionship between SIF and Chl saturates [64]. Our results highlight the
importance of parameterizing SIF signals based on the Chl level and
absorbed light, while properly accounting for reabsorption [65] and the
exit probability of ChIF photons [66]. For standardization, we suggest to
apply the formula of [67] and use the efficiency of energy transfer
within the system to link ®¢ to the apparent Fyeig.

Conclusions

Comparing leaf-level ChlF and gas exchange parameters between
MinnGold and green Eiko indicated slower induction and reduced ca-
pacity of NPQ as well as slower photosynthetic induction in Chl-
deficient leaves of MinnGold, which may explain the lower biomass of
this variety in the field. Contrary to the previous studies [12,13], we did
not observe slower NPQ relaxation in MinnGold, which may be due to
different growth and experimental conditions used. In the context of
remote sensing plant productivity, our results from comparing photo-
synthesis of Eiko and MinnGold provide a mechanistic understanding on
how to link passive SIF to productivity fluxes. Models like
Soil-Canopy-Observation of Photochemistry and Energy fluxes (SCOPE,
[68]) will help combine and elucidate relationship between SIF, Chl
content and productivity on plant scale or on ecosystem scale using a big
leaf model.
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