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The wheat lines affected by a decrease in the leaf chlorophyll content typically experience a biomass loss. A
known major problem of the chlorophyll-deficient wheat mutants is their limited prevention of Photosystem I
(PSI) over-reduction brought about by an insufficient cyclic electron flow, potentially exposing them to a higher
sensitivity to light fluctuations. However, the resistance of some mutant lines against fluctuating light suggests
the occurrence of regulatory processes compensating for the defect in cyclic electron flow. In this study, a
phenotyping approach based on fast chlorophyll a fluorescence induction (OJIP transient), corroborated by P700
redox kinetics, was applied to a collection of chlorophyll-deficient wheat lines, grown under continuous or
fluctuating light. Quantitative parameters calculated from the OJIP transient are considered informative about
Photosystem II (PSII) functional antenna size and photochemistry, as well as the functioning of the entire
photosynthetic electron transport chain. The mutants tended to recover a wild-type-like chlorophyll content, and
mature plants could hardly be distinguished based on their effective PSII antenna size. Nevertheless, specific
OJIP-derived parameters were strongly correlated with the phenotype severity, in particular the amplitude of the
I-P phase and the I-P/J-P amplitude ratio, which are indicative of a more capacitive pool of PSI final electron
acceptors (ferredoxin and ferredoxin-NADP" oxidoreductase, FNR). We propose that the enlargement of such
pool of electron carriers is a compensatory response operating at the acceptor side of PSI to alleviate potentially
harmful over-reduced states of PSI. Our results also suggest that, in chlorophyll-deficient mutants, higher Fy /Fy
cannot prove a superior PSII photochemistry and wider I-P phase is not indicative of a higher relative content of
PSL

1. Introduction

The response of plant photosynthesis to natural light fluctuations is a
current hot topic in plant biology, with special regard to crops and their
productivity [47,69,77]. Information is still fragmentary but indicates
the importance of a proper regulation of the photosynthetic electron
transport from photosystem II (PSII) to photosystem I (PSI) and its final
downstream acceptors, primarily the carbon fixation reactions. A sud-
den rise in irradiance challenges the regulation of the photosynthetic

electron flow because it causes a strong inflow of electrons from PSII into
the transport chain, leading to a temporary over-reduction at the PSI
donor side [88]. The potential consequence of repetitive excessive light
absorption and reducing bursts is the photodamage of PSII and PSI, the
latter being particularly sensitive to over-reduced states [22,30,65]. The
safe thermal dissipation of excess absorbed energy (non-photochemical
quenching of chlorophyll fluorescence, NPQ), the activation of cyclic
electron flow (CEF), the regulation of the energy distribution between
PSI and PSII, and the exploitation of electron sinks alternative to
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photosynthesis and photorespiration are the main mechanisms that limit
the potential damage caused by reducing bursts, particularly enabling
the safe accumulation of oxidised PSI complexes
[23,65,74-76,80,81,87]. Long-term acclimation of plants to a fluctu-
ating light (FL) regime is expected to enhance such protective
mechanisms.

Acclimation of plants to a FL regime leads to special properties of the
photosynthetic membrane, which are not exactly intermediate between
the well-characterized properties of sun- or shade-acclimated plants
[1,46]. The thylakoid membrane of FL plants rather combines some
characteristics of the former and the latter, but it also develops addi-
tional unique properties, which altogether enable a superior flexibility
[36,67,88]. In Arabidopsis thaliana, the long-term acclimation to light-
flecks was reported to lead to a lower chlorophyll a/b ratio, indicating a
tendency to increase the light harvesting capacity ([47,67] and refer-
ences therein). Nevertheless, this inference could be not valid in other
species [35,55] and even in Arabidopsis a comprehensive transcriptomic
analysis revealed instead a generalized downregulation of LHCB pro-
teins of the PSII antenna system [63]. A lower light-harvesting capacity,
due to a smaller PSII functional antenna size, can conceivably be
beneficial to reduce the excitation pressure on PSII, while the parallel
upregulation of NPQ and CEF under FL limits the electron pressure on
PSI [49,55,63]. Therefore, the logical conclusion would be that a suc-
cessful acclimation to a FL regime could benefit from a small PSII an-
tenna size, but only if it is coupled with the effective thylakoid
regulation that favours the electron outflow from PSI.

Chlorophyll-deficient (chlorina) wheat lines represent an interesting
biological material in this respect. Analysis of chlorina mutants has a
long history in studies aimed at clarifying chlorophyll metabolism,
photosynthetic physiology and thylakoid organization in crops and
other model plants (e.g., [14,19,78]). A genetic lesion affecting the
magnesium chelatase causes a decrease in the leaf chlorophyll content,
especially chlorophyll b, and results in an untargeted antennae

Table 1
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downsizing [14,31,32,92]. The retarded growth of chlorina mutants is
thought to be mainly the consequence of an altered dynamic regulation
of photosynthetic electron flow because of imbalanced excitation rates
of PSI and PSII [2,79]. A biochemical feature repeatedly reported is a
lower PSI/PSII reaction centre ratio [2,6,19,21,78]. In order to explore a
possible agricultural use, the mutated genes in typical chlorina wheat
mutants were introduced into vigorous genotypes by crossing, leading to
the selection of near-isogenic chlorina mutants sensu lato [90]. Depend-
ing on the genomic context and the mutated locus, such chlorophyll-
deficient wheat lines differ greatly with respect to the severity of their
yellow-green phenotype. A collection of six chlorophyll-deficient wheat
lines analysed under controlled conditions have a typically lower leaf
chlorophyll content at early stages of growth and subsequently tend to
recover a WT-like phenotype ([98]; Table 1). Compared to the WT NS67,
the chlorophyll a/b ratio is higher in ANK32A, but not in the lines
ANBW4A and ANBW4B. Durum wheat lines ANDW7A, ANDWSA,
ANDW?7B have a higher chlorophyll a/b ratio especially at early growth
stages in comparison with the WT LD222 ([98]; Table 1). Mature
ANDW?7A and ANDW7B share a reduced chlorophyll content by ca. 35%,
but only the latter maintains a significantly higher chlorophyll a/b ratio
(Table 1). Therefore, the relation between chlorophyll content and PSII
antenna size seems to weaken during the plant growth. Growth under
outdoor conditions showed that even a slightly lower concentration of
leaf chlorophyll was not an innocent variation but had a negative impact
on the plant performance [98]. A major problem of the mutants was
their limited prevention of PSI over-reduction brought about by an
insufficient CEF [98]. Because the detrimental consequences of the
lesion could be enhanced by the repetitive exposure to highlight flecks,
the same mutants were then analysed comparatively under a FL or a
continuous light regime (CL) during a broad-scope phenotyping exper-
iment carried out at the Slovak PlantScreen™ Phenotyping Unit (SPPU)
[15]. In Table 1, the mutants have been ordered by increasing severity
based on their biomass accumulation under CL [15]. Importantly, the

Severity of the chlorophyll-deficient wheat lines used in this phenotyping study in
comparison with their wild-type lines (NS67, LD222). The values of chlorophyll con-
tent and chlorophyll a/b ratio are those reported by Zivéak et al. [98] and measured
under standard growth chamber conditions. The values of aboveground biomass of the
same mutants grown under a continuous (CL) or fluctuating (FL) light regime are those
obtained by Ferroni et al. [15], here expressed as percentage of the wild-type lines
under CL. Conditional cell formatting shows increasing severity of biomass depletion

with darker colour.

Bread wheat

NS67 | ANBW4B | ANBW4A | ANK32A

Mutated locus Wild-type | cnB1-d cndl-d cndl-a
Chlorophyll content | YOUng 0.35 0.18 0.20 0.11
(gm?) Mature 0.56 0.57 0.51 0.38

Young 2.3 2.0 2.0 4.7
Chlorophyll a/b Mature 29 2.6 3.1 4.0
Biomass yield in CL 100% 91% 75% 54%
Light regime FL 86% 57% 102% 52%

Durum wheat

LD222 | ANDW7A | ANDWSA | ANDW7B
Mutated locus Wild-type | cnd1-d unknown | cnBI1-d
Chlorophyll content | Young 0.28 0.11 0.15 0.10
(gm?) Mature 0.45 0.28 0.42 0.30
Young 2.5 4.1 3.2 5.1

Chlorophyll a/b Mature 2.9 32 3.5 3.7
Biomass yield in|CL 100% 75% 75% 57%

Light regime FL 89% 69% 72% 39%
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long-term response of the mutants to FL did not confirm the anticipated
principle “the stronger the chlorophyll depletion, the worse the resis-
tance to FL”. Only ANBW4B and ANDW7B were strongly compromised
by FL, while the others behaved almost the same, including the severely
impaired mutant ANK32A, which is affected the most in CEF
[6,7,15,98]. In ANK32A, we could not find evidence for the induction of
a compensatory electron flow downstream of PSI, such as an increased
electron sink capacity of the Calvin-Benson-Bassham cycle or alternative
electron flows [15]. To solve the enigmatic resistance of some
chlorophyll-deficient mutants against FL, other potential regulatory
processes may be hypothesized, such as adjustments in the intersystem
electron transport chain.

During the experiment at the SPPU, the chlorophyll-deficient mutant
lines were also monitored using direct chlorophyll a fluorescence
emission. This fast and non-invasive measurement, conducted with a
portable HandyPEA instrument, responds to two important re-
quirements in plant phenotyping research: (a) causing negligible per-
turbations to the plant and (b) allowing the accumulation of many
measurements in a short time [27]. Accordingly, a fast fluorescence-
based dynamic phenotyping can take into account mutation-, treat-
ment- and age-related variations. In the planning phase of our experi-
ment, its main scope was to ascertain whether under FL the mutants
underwent PSII photoinhibition; however, the prompt PSII fluorescence
transient — called OJIP - is very rich in information and can also prove,
or not, the occurrence of adjustments of the intersystem electron
transport chain in the mutants. The transient is recorded from a dark-
acclimated sample exposed to a saturating light pulse. The emitted
chlorophyll fluorescence has a very typical trace, usually shown on a
logarithmic timescale: from the minimal value (Fp) at the initial step O,
it increases up to a maximum value (Fy) at step P (Fig. 1). The Fp-Fy
difference is the variable fluorescence of PSII (Fy). Two inflections,
termed steps J and I, occur between O and P, at ca. 2 and 30 ms from O.
The fast O-J phase is termed “photochemical”, the subsequent slower J-
I-P rise is known as the “thermal” phase [71]. For decades, the analysis
of the OJIP transient has represented a powerful tool to investigate the
photosynthetic physiology, in particular PSII functional antenna size,
PSII photochemistry, redox state of the photosynthetic electron trans-
port chain and PSI/PSII stoichiometry (see for review e.g., [25,27,70]).
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Fig. 1. Example of a fast chlorophyll a fluorescence transient in the wild-type
bread wheat NS67. The transient was recorded under the conditions described
in the main text, Section 2.2. The transient was double normalized between
steps O sampled at 50 ps and P, generally reached around 200 ms. O-P double-
normalized fluorescence emission is indicated as V. The intermediate steps J
and I are shown, sampled at 2 and 30 ms, respectively. The complement to 1 of
the relative fluorescence at step J (AVjp) and I (AVjp) are indicated.
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Moreover, it is an elective analytical tool for the phenotyping of crop
accessions/mutants in response to stresses (see for review [26,72]).
Particularly popular has become the so-called “JIP-test”, which char-
acterizes the OJIP transient by means of many biophysical parameters,
quantum yields and probabilities derived from the theory of the energy
fluxes [70,73]. The test relies on the conventional understanding of the
Fy origin according to the “Qs model” of Duysens and Sweers [13],
which is widely accepted as a good approximation [84]. Nevertheless,
the validity of the Qs model continues to be a hotly debated topic
[62,68,71,86], which however is beyond the scope of our phenotyping
experiment. Importantly, and not necessarily interpreted within a pure
Qa model, some JIP parameters describe basic geometrical properties of
the OJIP transient that can be related to certain functional aspects with a
good degree of confidence. Calculated from massive data sets, they can
allow the mining of regularities through wheat samples with a variable
extent of chlorophyll depletion.

2. Material and Methods
2.1. Plant Material and Experimental Design

The plant material used in this report is the same described in detail
by Ferroni et al. [15] for the “TriPUDIUM” phenotyping experiment
conducted in the frame of the European Plant Phenotyping Network
2020 (EPPN2029), Eight wheat lines were used: for bread wheat (Triticum
aestivum), the chlorophyll-deficient lines were ANBW4A, ANBW4B,
ANK32A, and the corresponding WT cv. Novosibirskaya 67, NS67; for
durum wheat (Triticum durum), the chlorophyll-deficient lines were
ANDW7A, ANDW7B, ANDW8A, and the corresponding WT, LD222.
Their typical chlorophyll contents in growth chamber conditions are
reported in Table 1. The experiment consisted of a strictly controlled
cultivation that was set up at the SPPU (Agrobiotech Centre of the
Slovak University of Agriculture in Nitra, Slovak Republic), where the
plants were transferred after germination and distributed in two sectors
differing only with respect to the light regime, CL or FL. In both cases,
the light source was a cool white LED-bar system providing a daily light
integral of ca. 16 mol photons m~2 day ! during a photoperiod of 14 h
(06:00-20:00 local time). Control of light intensity and the frequency of
lightflecks was performed by Fytotron Light Control software (PSI,
Drasov, CZ). In the CL sector, the irradiance gradually rose during the
morning (06:00-11:00) up to a plateau of 500 pmol photons m 2 s
lasting for 4 h (11:00-15:00) and followed by a gradual decrease in the
afternoon (15:00-20:00). In the FL sector, the parameters set up in
Fytotron Light Control were as follows: Amplitude 60%; Cloud attenu-
ation 0.20; Cloud density 90; Cloud duration mean 1.0; Cloud duration
var. 50; Fluctuation var. 10; Fluctuation mean ratio 0.50. The resulting
FL regime allowed the same average daily outline of irradiance as in the
CL sector, but the daily light integral was obtained through random
fluctuations between ca. 100 and 1000 pmol photons m~2 s~1. The
fluctuations occurred on a timescale of a few minutes; every hour the
plants received 16 lightflecks, overall simulating cloudflecks during a
moderately bright day. Other environmental details of the experiment in
SPPU are reported in Ferroni et al. [15].

Plants were analysed weekly for prompt chlorophyll florescence
emission during four subsequent weeks, starting from the 35" day after
sowing, when the plants had developed the fourth leaf. For each line and
light regime, 4-7 independent plants (one plant per pot) were available
for the measurements. At the end of the experiment, the chlorophyll
content was analysed in acetonic extracts according to Zivcak et al. [98]
and using the Lichtenthaler's [38] equations.

2.2. Measurement of the Fast Chlorophyll a Fluorescence
The prompt chlorophyll a fluorescence emitted upon exposure to a

saturating pulse was measured using a HandyPEA portable fluorometer
(Plant Efficiency Analyzer, Hansatech Instruments, King's Lynn, Norfolk,
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UK). Fluorescence was measured on the adaxial surface of the middle
part of the youngest fully developed leaf of all plants. In order to reveal
differential PSII photoinhibitory effects due to the light regime, all
plants were measured at 9:00-10:00 in the morning and again in the
afternoon at 14:00-15:00. The automated randomization of pot posi-
tions, done every second day, ensured that the sequential order of
measured plants was never the same week after week, as well as any
systematic positioning effects were excluded for the same reason.

The measuring protocol was the “double hit method” applied ac-
cording to Strasser [73] and Mathur et al. [45]. In particular, the leaf
was dark acclimated for 15 min using the leaf clip of the instrument and
then the fluorescence transient was induced by applying a first 1 s-long
saturating pulse at 3500 pmol photons m~2 s~!. The light source con-
sisted of three light-emitting diodes (LEDs) integrated in the measuring
head of the instrument and providing orange-red light at 650 nm. After a
dark interval of 500 ms from the first pulse, the second pulse, with the
same characteristics as the first, was applied to the leaf.

2.3. Characterization of the Fluorescence Induction Transients

The OJIP transients obtained from the first pulse were analysed using
selected parameters of the JIP test according to Strasser et al. [73] and
Stirbet and Govindjee [70]. For the phenotyping purpose, some ap-
proximations are an acceptable compromise in view of the large amount
of data recorded. Therefore, for the massive analysis of transients, basic
and derived parameters were extracted using the Biolyzer software
(Fluoromatic Software, Geneva, Switzerland), which samples the fluo-
rescence values at fixed time points of the transient.

For the comparative analysis of PSII activity and photoinhibition
under CL or FL, the maximum photochemical quantum yield of PSII was
approximated as Fy /Fy [18]. For higher precision in the comparison,
the Fy value used for calculation was that extrapolated back to time 0.
Per definition, PSII photoinhibition is a sustained loss of PSII photo-
chemical yield, Y(qD), independent of the mechanism [11]. It was
assumed that residual minor NPQ components with decay times >10
min contributed negligibly (for references on minor NPQ components,
see [16,40]). Y(qI) was calculated as the difference between Fy/Fj;in the
morning and in the afternoon for every single plant:

F F
Y(gl) = (F—) - (F—) e
M/ morning M/ afternoon

The double hit method was used to further characterize PSII photo-
chemistry. When a second saturating pulse is applied 500 ms after the
first one, a lower Fy/F) is measured, mostly due to a higher Fy. The lost
fraction of Fy/Fy is denoted Bp and calculated as:

(%)

where Fy is the variable fluorescence of PSII calculated from the first
pulse and Fy* is the variable fluorescence of PSII calculated from the
second pulse from newly measured basal Fp* and maximum Fy* fluo-
rescence. Bp was compared between values recorded in the morning and
in the afternoon:

ABy = (Bo)aﬁe'rnmmf (Bo)muming (€)

(2)

Other parameters used to describe the OJIP transients were chosen
from those calculated by Biolyzer. Fy at O was extracted at 50 us (Fsops)
for calculation of derived parameters. F; was extracted at 2 ms (step J),
Fy at 30 ms (step I). Upon O-P normalization, the relative fluorescence
values at the two inflections J and I were calculated as:

Vy = (Fs = Fsous) / (Fu — Fsops) @

Vi = (Fr = Fsous) / (Fa — Fsops) )
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Their complement to one is indicated as AVjp (=1-V;) and AVpp (=1-
Vp, respectively (Fig. 1).

The initial part of the O-J phase (50-300 ps) is characterized by the
slope M,. The normalization of M, on the relative fluorescence V; and
the Fy/Fy ratio provides an estimate of the apparent antenna size of an
active PSII [73]:

ABS B M, B 4(1:300;:;1:50“\)
RC Vi~ Vg

(6)

The Area is the geometrical parameter corresponding to the total
complementary area comprised between the OJIP curve and Fj;. Upon
normalization on Fy, the resulting Sm = Area/Fy is considered propor-
tional to the number of electron transporters per PSII-PSI chain unit.

2.4. Simultaneous Measurement of P700 Redox State and Chlorophyll
Fluorescence

The simultaneous analysis of the fast chlorophyll a fluorescence in-
duction and P700 redox state was performed with a Dual PAM-100
(Walz, Germany; [29,96]). Wheat plants sampled from the growth fa-
cility were dark acclimated for 15 min in a dark box and subsequently
for ca. 2 min in the measuring head. The sample was then exposed to a
0.5 s-long saturation pulse (10.000 pmol photons m ™2 s~ 1), during
which the chlorophyll fluorescence emission and the relative abundance
of P700" were recorded simultaneously at high frequency (0.3 ms
intervals).

2.5. Data Processing and Analysis

Data sets were sorted using Microsoft Excel and copied to worksheets
of Origin™ version 2021 (OriginLab, Northampton, MA, USA), which
was used for almost all subsequent elaborations. Data were preliminarily
checked for outlier points, which were excluded from analysis using the
“Mask data point” function of Origin™. Statistical assessment included
the comparison of multiple samples using one-way or two-way (factors
mutant and light regime) ANOVA, followed by post-hoc comparison of
mean values using Tukey's test. The different variables were measured
from 4 to 7 independent plants for each of the 16 combinations of wheat
line and light regime. Two technical replicates were obtained for each
plant and, to take into account that each plant was consequently rep-
resented twice for each analysed parameter, a conservative approach
was chosen to assess the statistical significance of differences, fixing the
statistical significance threshold at P < 0.01. The graphs presented in
this report, either histograms or box charts, are based on the results of
the descriptive statistics. Origin™ was also used for the data fitting
analysis. The couples of variables were fitted with a linear function, but
in specific cases other fitting models were checked (exponential, poly-
nomial, rational functions). Effectiveness of fitting was checked using
Adj. R? and the associated probability; each regression curve is reported
with confidence bands at 95% probability. Pearson's r correlation ma-
trixes were built using Microsoft Excel™; significant and very significant
correlations were identified based on P < 0.05 and P < 0.01,
respectively.

3. Results

An overview of OJIP traces is reported in Suppl. Fig. 1 and Suppl. Fig.
2 for the example of mature plants analysed at the 4t week., WT and
mutant lines differed with respect to their absolute fluorescence emis-
sion (Table 1). The curve normalization on Fy visualized the increment
in Fy in all mutants (Suppl. Fig. 1-2).
3.1. PSII Antenna Size

The main expected physiological change in chlorophyll-deficient
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Fig. 2. PSII functional antenna size in young wild-type wheat (NS67, LD222) or their chlorophyll-deficient mutants grown under a continuous (CL) or fluctuating
(FL) light regime. (a) PSII functional antenna size as light absorption per reaction centre (ABS/RC) at the first week of analysis. In the box charts, the box size is
determined by the 25™ and 75" percentiles, with whiskers at the 5% and 95" percentiles. The circle inside the box is the mean, the segment is the median (8-14
determinations). Results of statistical analyses were obtained with two-way ANOVA for the factors “mutant” and “light”. (b) Correlation between ABS/RC and the
chlorophyll content index SPAD at the first week of analysis; the green regression line is shown with 95% confidence bands. SPAD data were from Ferroni et al. [15].
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

wheat is a reduction in the functional PSII antenna size, which was
measured as the light absorption per reaction centre (ABS/RC). The time
course of ABS/RC is reported in Suppl. Fig. 3. Wheat lines differed
strongly from each other at the first week of analysis, when the PSII
antenna size correlated with the leaf chlorophyll index (SPAD values
from [15]; Fig. 2a-b). During the subsequent weeks, the PSII antenna
size tended to decrease, especially in WT lines (Suppl. Fig. 4); this is an
expected acclimative response to a higher light availability in plants
growing closer to the light source. At the 4™ week of analysis, ABS/RC
was very similar in all plants, except ANK32A and, partly, ANDW7B
(Fig. 3a). Because it is known that this collection of mutants tends to
recover a WT-phenotype and the ABS/RC became indeed similar in all
lines, we analysed the leaf chlorophyll in mature plants (Fig. 3b-c). The
different severity of chlorophyll depletion in mutants was still visible
and the chlorophyll a/b ratio was negatively correlated with the total
chlorophyll content (Fig. 3d). The variability of the chlorophyll content
parameters patently contrasted with the narrow range of ABS/RC vari-
ation: in the covariation graphs, all points aligned nearly horizontally
within the ABS/RC range of [3.75-4.10], only except ANK32A (Fig. 3e-
f.

Therefore, all mutants except ANK32A were able to recover a WT-
like ABS/RC. Interestingly, normal ABS/RC could be achieved even in
the presence of a lower chlorophyll content (e.g., ANDW7A).

3.2. Photochemical Activity and Photoinhibition of PSII

A higher Fy/F) value was a very characteristic trait in all mutants as
compared to WT wheat, stable over four weeks of analysis; therefore,
data were pooled together for each wheat accession and light regime
(Fig. 4a; Suppl. Fig. 5). The effect of the mutation was very evident,
extremely significant and prevailed over that of the light regime.
However, the latter also had a significant impact on Fy/Fy, in particular
a tendency to a further small increase under FL, as visible in ANBW4B,
ANDW?7B and ANDW7A. We plotted the mean values of Fy/Fy, against
the values of SPAD (values from [15]; Fig. 4b). A very significant
negative correlation linked Fy/Fy and SPAD index. Fy/Fy reflected
closely the order of severity of the phenotype in both bread and durum
wheat: the more severe the phenotype, the higher the Fy/Fy.

The Fy/Fy; values were recorded also in the early afternoon, ca. 5 h
after the first determination. During such time interval, the FL plants

were exposed to ca. 80 lightflecks (Fig. 4c). Based on the current un-
derstanding of photosynthetic electron flow, the repetitive lightflecks
may have caused as many events of PSII over-excitation and consequent
reducing bursts [88]. Therefore, we compared the mutants with respect
to the loss in Fy/Fy; this was <2% on average in all samples over 4 weeks
without any significant effect due to the mutation or the light regime
(Fig. 4d). The minimal PSII yield loss excluded differences in the sus-
ceptibility of PSII to photoinhibition or in other sustained NPQ forms.

3.3. Electron Transport Chain

To obtain information on the electron transport chain, the wheat
lines were phenotyped using the relative fluorescence at the steps J and I
after double normalization between O and P (Suppl. Fig. 1-2). Previous
experimental evidence indicated that the reduction of the PQ pool starts
at the J step, suggesting that the relative fluorescence Vj is determined
by the availability of oxidised PQ molecules to reoxidise Qn [20,85].
Consequently, AVjp allows a comparison of the oxidised PQ pool size in
wheat lines. Because the AV values underwent developmental
changes, and in particular, they were slightly increasing over time
(Suppl. Fig. 6), the wheat lines were more easily compared at the 4th
week (Fig. 5a). In bread wheat samples, uniform AVjp values indicated
nearly identical PQ pools in all plants; in fact, the double-normalized
OJIP curves had an almost completely overlapping O-J phase (Suppl.
Fig. 1). The same was true in durum wheat under FL but not under CL,
with a smaller PQ pool in mutants than in LD222 (Fig. 5a, Suppl. Fig. 2).

AVpp generally brings information on the reduction of the entire
electron transport chain up to the acceptor side of PSI (ferredoxin and
ferredoxin-NADP" oxido-reductase, FNR). Different from AVjp, we
found that, in wheat, AVjp showed quasi-static values over the four
weeks, generally higher in mutants than in WT lines (Suppl. Fig. 7). For
homogeneity of data presentation, Fig. 5b shows AVpp at the 4™ week.
Based on the most common interpretation of the thermal phase [71], this
result was suggestive of more efficient electron transport from PSII to
PSI end acceptors in mutants.

Interestingly, there was no obvious relation between the results ob-
tained with AVyp and AVyp (Fig. 5a-b). Therefore, we compared the
wheat lines with respect to the AVip/AVjp ratio. The physiological
meaning of AVip/AVjyp is unclear, but experimental evidence linked it to
the activity of PSI that moves electrons from the reduced intersystem
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Fig. 4. PSII photochemistry in wild-type wheat (NS67, LD222) or their chlorophyll-deficient mutants grown under a continuous (CL) or fluctuating (FL) light regime.
(a) Maximum quantum yield of PSII (Fy/Fyy). (b) Correlation analysis of Fy/Fy with the SPAD index of leaf chlorophyll content (data from [15]). (c) Example of a
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colour in this figure legend, the reader is referred to the web version of this article.)

electron acceptors (PQ, Cytochrome bgf, plastocyanin) to the final
electron acceptors of PSI (mainly ferredoxin and FNR; e.g., [20]. In
wheat, AVip/AV;p was a quite dynamic parameter over the four weeks of
monitoring, but the relative changes between mutants were mostly
confirmed week after week (Fig. 5c-d). An interesting exception
occurred in the bread wheat lines under FL, with a progressive diver-
gence of ANBW4B from NS67. As shown in Fig. 5e, reporting data from
the 4 week, AVip/AV;p was very sensitive to the effect of the mutation
and light regime: progressively higher values closely matched the
known severity order of the mutant lines.

Given the higher AVjp in mutants, we analysed if the overall pool of
intersystem electron transporters had also increased. The Fy-normalized
area Sm is considered as a proxy of the number of electron transporters
per electron transport chain [70]; for a discussion on Sm see also [27].
The inference of higher Sm was correct in bread wheat lines, particularly
in ANBW4B under FL and in ANK32A, but not in durum wheat. In all
durum wheat samples, ANDW7B included, the electron transporters
pool had the same size (Fig. 5f). The covariation of parameters AVip/
AVyp, AVyp, and Sm is reported in Fig. 6. In bread wheat, the higher
AVip/AVyp was supported by an increased availability of electron
transporters; very differently, in durum wheat the higher AVip/AVjp did
not depend on more electron transporters, but rather on a smaller PQ
pool size, AVjp, associated to bigger AVip.

The comparison of the first and second Fy/F) obtained with the
double hit method can provide some rough information about the ability
of wheat plants to re-oxidise the PQ pool. We assume that at the end of
the first pulse all Q4 has been reduced (although OJIP traces showed
some quenching, see Suppl. Fig. 1-2). The fraction of lost Fy/Fy; (Bp) was
not constant over the four weeks but decreasing, which could indicate an
improved control of the PQ pool redox state during the plant develop-
ment (Suppl. Fig. 8). However, ANK32A and ANDW?7B evidently tended
to maintain higher values than the corresponding WT lines. In Fig. 7a-b,
the first (Fy/Fp) and second pulse (Fy*/Fy*) are compared at the 4th
week. Interestingly, Fy*/Fy* was nearly the same in all wheat lines,
without any significant effect due to the mutation or light regime.
Conversely, the Fy/Fy - Fy*/Fy* difference closely matched the severity
of the mutants. In general, the light regime did not influence much this
value, with the noticeable exception of ANDW7B, in which the FL
regime induced a further increment (Fig. 7a-b).

A(Bp) compares Bp between the morning and the afternoon. In
general, A(Bp) was small and quite erratic in the wheat lines (Fig. 7d).
However, in most cases the tendency was towards negative A(Bo),
suggesting a small gain in PQ redox control during the day.
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Fig. 5. Electron transport analysis based on OJIP transients recorded from wild-type wheat (NS67, LD222) or their chlorophyll-deficient mutants grown under a
continuous (CL) or fluctuating (FL) light regime. (a) Complement to one of the relative fluorescence at step J (AVyp = 1 — V) and (b) at step I (AVip = 1 - V)) at the
fourth week of analysis. (c-d) Time course of the AVip /AV;p ratio during four weeks of monitoring in bread (c) and durum wheat lines (d). Values are means; bands
represent joined SE of the means. (e) AVip /AVjp ratio at the fourth week of analysis. (f) Normalized area Sm at the fourth week of analysis. In all histograms, values
are means + SE of 8-14 determinations. Results of statistical analyses were obtained with two-way ANOVA for the factors “mutant” and “light”.

3.4. Correlative Analysis to build Pearson's r correlation matrixes:

The interpretation of the parameters obtained from the OJIP tran- o the final aboveground biomass,
sients can benefit from the context provided by other analyses per- o the SPAD index of leaf chlorophyll content,
formed using complementary methods during the same experiment. The e the variation in PQ reduction [AY(NO)] upon a rapid light rise from
correlative analysis can be particularly useful to explore possible 539 to 1960 pmol photons m ™2 s~! (rapid light curve based on Dual-
mechanistic relations involving AVip/AVjp, which emerged as a very PAM analysis of modulated chlorophyll fluorescence),

straightforward index to characterize the mutants. Among the different
parameters we have previously reported [15], the following were used
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the variation in acceptor-side-limited PSI quantum yield [AY(NA)]
upon a rapid light rise from 539 to 1960 pmol photons m~2s ! (rapid
light curve based on Dual-PAM analysis of P700 absorbance),

the steady-state fraction of electron transport deviated to alternative
sinks (Ja/Jpsy) (simultaneous analysis of gas exchange and chloro-
phyll fluorescence based on Licor 6400 analysis),

the relative leaf content of photo-oxidizable PSI (maximum P700
signal — Pm — based on Dual-PAM analysis in the dark-acclimated
state; Pm was normalized on the SPAD index),

the steady-state quantum yield ratio of PSI and PSII, Y(PSD)/Y(PSII)
(simultaneous chlorophyll fluorescence and P700 analysis based on
Dual-PAM).

Because the comparative OJIP analyses already showed the speci-
ficity of bread and durum wheat lines (Fig. 6), the parameters obtained
with the two species were analysed separately in Fig. 8. The values used
are from the 4™ week of analysis.

Particularly interesting and shared by both wheat species was the
very strong negative correlation between AVip/AVjyp and the plant
biomass. In bread wheat, it was even stronger than the relation between
the biomass and the chlorophyll content or Fy/Fy. The AVip/AVjp-
biomass plots confirmed the significant and strong linear relation

between the two variables in durum wheat lines. The relation was
likewise strong in bread wheat, but the plot was best fitted with a
rational function (Fig. 9).

An important aspect to investigate was the possible negative relation
between AVip/AVyp and ABS/RC (see [61]). The correlation analysis
could be in favour of it in bread wheat but was in disfavour in durum
wheat (Fig. 8). The point density plot in Fig. 10a shows that this result
was caused by ANK32A, which fell outside the main point cloud. Inside
the latter, the statistical analysis could not support any significant
relationship between AVjp and ABS/RC. The same conclusion is valid for
the derived ratio AVip/AVjp.

A special attention was paid to AY(NO), which already provided
evidence for the defective electron transport control in the same mutants
[15,98]. In both wheat species, a strong relationship linked AY(NO)
with the lost PSII yield following the second pulse in the double hit
protocol, directly supporting the latter as a parameter proportional to
the ability to re-oxidise the PQ pool (Fig. 8). Very interestingly, AVip/
AVyp was linearly correlated with both parameters (Fig. 10b-c).

No significant correlation with OJIP-derived electron transport pa-
rameters was found for AY(NA) (Fig. 8). In durum wheat, a significant
relationship linked the alternative electron transport J4/Jpg;y with AVpp,
AVip/AVyp and Sm (Fig. 8).
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The correlation analysis pointed to the absence of any significant
relation between the relative amount of photo-oxidizable PSI and AVp
or AVip/AVyp (Fig. 8). Interesting was the result of the correlations
involving the Y(PSD/Y(PSII) ratio, which is a functional hallmark for
the defective CEF [96,98]. AVip/AVjp correlated negatively with Y
(PSI)/Y(PSID).

3.5. Analysis of Simultaneous Fast Fluorescence Transients and P700™"
Kinetics

Increased AVyp and, even more, AVp/AVp emerged as key features
of the wheat mutant collection and were also sensitive to the light
regime. To help interpret the changes in AVp/AVjp we analysed the
P700" accumulation kinetics during the induction of the OJIP transient.
The detailed kinetics analysis was focused on the wheat lines with
extreme phenotypes, ANDW7B and ANK32A, which are approximately
equivalent in terms of biomass yield under CL (ca. 55%). Conversely, the
phenotype severity of ANDW7B is exacerbated by a FL regime, while
that of ANK32A is not (Table 1; [15]). Despite the different probing
method — modulated fluorescence —, the OJIP traces were similar to
those obtained with a continuous excitation fluorometer, in particular
the wider I-P phase in the mutants was evident (Fig. 11a-c).

In Fig. 11a and d, the traces obtained from the WT line LD222 are
compared between CL and FL. From the onset of the saturation pulse, the
P700" concentration rose rapidly up to a transitory steady state. The
P700" accumulation indicated a limitation to the re-reduction due to the
lack of reduced electron transporters, and, accordingly, it corresponded
to the O-J phase and part of the J-I phase, when the PQ pool is expected
to be still largely oxidised. At the P700" plateau, the rates of P700
oxidation and re-reduction are equal, meaning that electrons are being
made available from the PQ pool. The subsequent I-P phase is dominated
by the reduction of P700", which is completed at the P step. Growth
under FL had two major consequences on the P700" accumulation ki-
netics: (a) the initial P700 oxidation became slower (Fig. 11a); (b) the
plateau was reached later and was longer (Fig. 11d). Likewise, the rate
of fluorescence increase during the I-P rise, related to the reduction of
PSI end acceptors, became evidently slower under FL than CL (Fig. 11j).

Under CL, in ANDW7B the plateau of P700" accumulation was very
short, and the subsequent P700 re-reduction was completed approxi-
mately 50 ms earlier than in LD222 (Fig. 11b, e). The higher reduction
rate of PSI acceptors was confirmed by the faster kinetics of the I-P rise
(Fig. 11k). However, the end acceptors pool was much larger than in
LD222 (Fig. 11n). Interestingly, growth of ANDW7B under FL resulted in
minor changes, i.e., slightly slower P700 re-reduction and minimally
slower I-P phase.

Negligible difference in P700 kinetics between CL and FL also
characterized ANK32A, again showing a very fast re-reduction of P700
(Fig. 11c, f). However, different from ANDW?7B, under FL a slowing
down of the I-P rise occurred after 50 ms (visible also in the P700"
kinetics).

In all analysed lines, no relevant difference was found for the J-I
kinetics (Fig. 11g-i). The PSI acceptor pool size, estimated from the I-P
amplitude after O-I normalization [84], was larger in the mutants than
in the WT line (Fig. 11m-o0).

4. Discussion

4.1. Mature Chlorophyll-Deficient Wheat Mutants Are Hardly
Distinguished Based on ABS/RC

The scientific literature is rich in reports on chlorina mutants of
several species, including major Poaceae crops, such as wheat, rice and
barley. In some cases, mutants specifically lack chlorophyll b; in others
there is a decrease in the general chlorophyll content, which is
secondarily accompanied by higher chlorophyll a/b ratio. Chlorophyll b
is synthesized with leftover chlorophyll a after the assembly of the PSI
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“Double hit” refers to the PSII quantum yield lost in dark-acclimated samples upon application of a second saturating pulse 500 ms after the first pulse. Correlations

were analysed using mean values at the 4™ week of analysis.

and PSII cores, thus allowing the subsequent assembly of the chlorophyll
a/b-binding LHCs, principally LHCII [14]. Consequently, a negative
relationship links chlorophyll a/b ratio and total chlorophyll content
(Fig. 3d). In chlorophyll-deficient mutants, the higher chlorophyll a/b
ratio associated with reduced chlorophyll content is generally treated
synonymous with a reduced antenna of PSII [2,14,19,37,78,79]. This
link is confirmed in transgenic Arabidopsis thaliana with reduced amount
of LHCII subunits Lheb1/2, chlorophyll a/b ratio increased from 3.2 to
4.0, chlorophyll content decreased by 20%, and halved functional PSII
antenna size [4]. However, our analysis indicates that the mature wheat
lines cannot be distinguished based on their ABS/RC, except ANK32A
(Fig. 3e, f). In WT lines, ABS/RC reveals the acclimative decrease in PSII
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antenna size in new leaves of taller plants exposed to a higher light in-
tensity (Suppl. Fig. 3). In mutants, such effect is less evident probably
because of the gradual compensation of the genetic lesion in subgenome
A or B by the functional homoeologous genes in the other subgenome(s),
leading to increasing chlorophyll content [15,98]. Mutants such as
ANDWT7A, with 30% less chlorophyll but normal ABS/RC, may suggest
an intrinsic capacity of wheat to adjust the PSII antenna system in case of
moderate chlorophyll deficiency. Moreover, changes in antenna homo-
geneity, connectivity, interaction with both photosystems could influ-
ence ABS/RC [70,95]. While these aspects deserve further investigation,
it is clear that ABS/RC was a weak phenotypic index in our conditions,
and parameters, such as Fy/Fy and AVip/AVjp, could not be merely
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Fig. 9. Covariation of AVip/ AVjp with the final aboveground plant biomass
The AVip/AVip values used for the analysis are the means recorded at the 4%
week of monitoring. Biomass values are those reported in Ferroni et al. [15] and
obtained from the same experiment. The fitting function was linear for durum
wheat, rational for bread wheat.
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explained based on differences in effective PSII antenna size.

4.2. In Chlorophyll-Deficient Wheat, Higher Fy/Fy cannot Reliably
Indicate a Superior PSII Activity

The literature is not consistent with respect to Fy/Fy in chlorophyll-
or antenna-deficient mutants, including the case of higher values than
the WT, interpreted as higher PSII photochemical activity (e.g.,
[93,94]). In our study, it is quite improbable that the higher Fy/Fy; re-
veals a genuinely superior PSII photochemistry in mutants, which would
contrast with their lower carbon fixation capacity and biomass accu-
mulation [15,98]. In general, in chlorophyll-deficient mutants, Fy can be
affected by factors that make it difficult to exactly equate Fy/Fy to the
quantum efficiency of PSII. The primary cause of a higher Fy/Fy is the
low PSI/PSII ratio [52] characterizing chlorophyll- and antenna-
deficient plants, already demonstrated also in ANK32A
[6,19,48,78,79,97]. Moreover, the very neat separation between grana
stacks and long arrays of single thylakoids in ANK32A and ANDWSA
[15] is strongly suggestive of a hindered energy spillover from PSII to
PSI, again resulting in higher Fy/Fy [12,28]. In mutants, the lower PSI/
PSII ratio is generally interpreted as a compensatory mechanism against
the decreased light-harvesting capacity of PSII, which causes an exces-
sive excitation of PSI [2,6,48,78,79]. However, we show that Fy/Fy
remains high also when the functional PSII antenna size and the chlo-
rophyll content have been restored to WT values (e.g., ANDWS8A,

@® NS67-CL @ LD222-CL
I ANBW4A-CL B ANDW7A-CL
0.25 4 ANBW4B - CL A ANDWSBA- CL
ANK32A - CL ANDW?7B - CL
O NS67 - FL O LD222-FL
0 ANBW4A - FL D ANDWT7A - FL
o ANBW4B - FL A ANDWSA - FL
~ ANK32A - FL ANDW?7B - FL
< 020
ALL
Adj. R?=0.53 - P<10°3
o) NO ANK32A
Adj. R2=0.03 - P= 0.26
0.154

T
3.4 3.6 3.8 4.0
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Fig. 10. Correlative analyses focused on the I-P phase of the fluorescence transient in mature wheat lines (4th week of monitoring). (a) Covariation of AVjp with the
effective PSII antenna size (ABS/RC). The data plot was analysed with a kernel density estimation, that shows a pattern neatly separating ANK32A from all other
wheat lines. The results of the correlation analysis with or without ANK32A are reported. (b) Covariation of AVip/ AVjp with the yield AY(NO) of non-regulatory
energy dissipation in PSII upon a rapid rise in irradiance (539 to 1960 pmol photons m~2 s~1), related to plastoquinone reduction state. AY(NO) are values reported
in Ferroni et al. [15] and obtained from the same experiment. (c) Covariation of AVip/AV;p with the PSII quantum yield lost following application of a second pulse in
the double hit protocol (Fy/Fy - Fy*/Fy*, see main text for details). In b and c, the regression line is shown with 95% confidence bands.
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Fig. 11. Comparative analysis of
simultaneous traces of P700 redox state
and fast chlorophyll a fluorescence in
WT (LD222) and chlorophyll deficient
(ANDW?7B and ANK32A) mature durum
wheat lines cultivated under a contin-
uous (CL) or fluctuating (FL) light
regime. (a-c) Fast chlorophyll fluores-
cence V normalized by F, and Fy, (OJIP
transient) and P700" accumulation ki-
netics shown on a logarithmic time
scale. (d-f) The same traces as in a-c
shown on a linear time scale. (g-i)
Fluorescence rise kinetics normalized by
F; (2 ms) and F; (30 ms) as Wy (-1
Fluorescence rise kinetics normalized by
F; (30 ms) and Fy; as Wyp. (m-0) Fluo-
rescence rise kinetics normalized by Fy
and F; (30 ms) as Wy shown in the I-P
phase range, i.e., at Wo > 1.
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Fig. 4a). This observation suggests more profound impacts of an altered
chlorophyll biosynthesis than the mere downsizing of the PSII antenna.

4.3. I-P Phase and Acclimative Response of the electron Transport to a FL
Regime

In the mainstream Qa model, the I-P phase is attributed to the
reduction of the end acceptors of PSI [34,71,84]. Alternative models
exist [61,62,64,68,86], but the importance of the relative PSI activity in
determining the I-P phase amplitude is well supported experimentally
and, per extension, frequently associated to the PSI/PSII ratio
[9,43,50,54,59,60]. AVip/AVjp has likewise been used as an indicator of
the relative PSI activity [20]. With AVip/AV;p, the PSI-related I-P phase
is somehow normalized on the pool of oxidised PQ, as estimated from
AVjp [85]. In our experiment with wheat, two factors are responsible for
increased AVip/AVjp: the genetic lesion affecting chlorophyll biosyn-
thesis and the acclimation to FL.

Growth under FL exposes plants to a continuous and unpredictable
series of light- and shadeflecks. To prevent possible PSI damage due to
electron bursts, the acclimative adjustments to FL should: (a) alleviate
the PSI acceptor-side limitation, enhancing the downstream electron
sinks, and (b) enhance the PSI donor-side limitation, decreasing the
number of electrons that reach PSI mainly through the downregulation
of cytochrome bgf [17,65,87]. A central role is acknowledged to the CEF
around PSI, which is also a strong inducer of PSII downregulation
through the ApH-dependent generation of NPQ [44,87]. Fast chloro-
phyll a fluorescence probes the photosynthetic membrane in the dark-
acclimated state, in which electrons cannot flow beyond FNR [60], of-
fering a view of properties intrinsic to the structure of the electron
transport chain from PSII to FNR. The AVip/AV)p increase under FL in
WT lines, though relatively small, is evidence that the electron transport
chain has undergone acclimative changes (Fig. 5e). Under FL, the slower
reduction rates of P700" and PSI terminal acceptors (I-P phase) indicate
that, already in the dark-acclimated state, the electron transport is
limited compared with CL samples (Fig. 11d, j). Possible explanations
can be a lower input of electrons into the chain from PSII related to
higher PSI/PSII ratio, and/or a narrower “bottleneck effect” at the cy-
tochrome bgf. Very interestingly, the membrane seems already predis-
posed to the PSI donor-side limitation, which CEF and ApH will further
promote upon exposure to lightflecks. Together with modulations of the
mobile carriers (PQ pool in durum wheat or all pools in bread wheat,
Fig. 5a, f), this may influence the kinetics properties related to the
electron flow control, which is worth to be further studied.

4.4. The Enlargement of the PSI End Acceptor Pool Occurs in Chlorophyll-
Deficient Mutants to Relieve their Altered electron Flow

In chlorophyll-deficient wheat, higher AVip/AVjp and AVp occur in
the unusual frame of a lower relative content and activity of PSI,
therefore challenging the most common use of AVip as a semi-
quantitative indicator of the relative PSI amount/activity [9]. A causal
relationship between smaller PSII antennae and higher AVjp (see e.g.,
OJIP traces in [3], is ruled out by the contrasting developmental changes
in ABS/RC and AVpp, along with the lack of correlation between the two
parameters (Suppl. Figs. 3,7; Fig. 10a). The interpretation of AVjp and
the derived AVip/AVyp is helped by the simultaneous kinetics of OJIP
transient and P700 redox state. In mutants, the fast transition to the
prevailing P700 re-reduction proves that the electrons are conveyed
very promptly from PQH, to P700" and, similarly, the faster I-P rise
indicates that the electrons flow easily up to the end acceptors, mainly
ferredoxin and FNR [58,59,95,96]; Fig. 11d-f, j-1). This kinetics is
strongly suggestive of an enlarged bottleneck at the cytochrome bgf,
probably also related to a high amount of PSII feeding the chain. It can
be surprising that the low relative amount of PSI does not constrain the
fast electron flow to the end acceptors. PSI photoinactivation experi-
ments led to the same conclusion, revealing that a halved amount of
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photochemically active PSI had negligible impact on the OJIP transient,
with no change in the I-P phase [97]. Shimakawa and Miyake [66]
demonstrated that the PSI amount is in excess of the need for photo-
synthesis in intact leaves, while the surplus ensures the accumulation of
oxidised PSI, which acts as a safe thermal dissipator. Therefore, while
anomalously low PSI/PSII ratio negatively affects photoprotection
[6,66], it can be still permissive to an effective electron flow from
plastocyanin to end acceptors. The consequence is that the I-P phase
certainly relates to the PSI activity that moves electrons from plastocy-
anin to ferredoxin and FNR, but AVjp does not always provide reliable
information about the relative PSI content or PSI/PSII stoichiometry.
Differently, the amplitude of the I-P phase can be informative on the
relative pool of PSI end electron acceptors [83,95-97]. In WT plants, end
acceptor pool and PSI content are modulated consistently with each
other and with the carbon fixation capacity, for example during sun-
shade acclimation, thus explaining the correlation between AVip or
AVip/AVyp with PSI/PSII ratio [8,54,95,96]. The chlorophyll biosyn-
thesis disturbance in wheat mutants illustrates that the connection be-
tween relative amount of PSI and pool size of end acceptors can be lost.

The main defect of the electron transport in chlorophyll-deficient
wheat lines is the excessive linear electron flow, promoting a tendency
to chronic states of PSI over-reduction [6,15,98]. Very interestingly, the
ineffective control of the linear electron transport is not only related to a
limited capacity to induce CEF but is also found in the dark-acclimated
state (faster electron flow, correlation between AY(NO) and the lost Fy/
Fyp; Figs. 8, 11), and therefore intrinsic to the thylakoid membrane or-
ganization. The molecular causes are unknown and could include al-
terations in relative amount of cytochrome bgf, or modified
supramolecular interactions of complexes affecting the cytochrome bgf
activity (e.g., with PSI or CEF effectors), or changes in its distribution
between thylakoid domains (e.g., linked to anomalous thylakoid as-
sembly) (for review on cytochrome bgf, [41]). Without any parallel in-
crease in carbon assimilation [15], the enlargement of the end acceptor
pool could seem a futile investment of metabolic energy. Nevertheless,
the linear correlation between AVip/AVjp and the degree of disturbance
of the PQ redox state (Fig. 10b-c) suggests that a more capacitive pool of
end electron acceptors may have a compensatory role of the electron
transport defect. Given the lower ability of mutants to exploit the donor-
side limitation of PSI, a feedback response to the PSI over-reduction can
be the alleviation of the acceptor-side PSI limitation. Some mutants have
an increased ability to drive electrons to sinks alternative to photosyn-
thesis and photorespiration (Ja/Jpsy, [15]), but not, e.g., ANK32A,
despite the highest AVip and AVip/AVjp. We suggest that the accumu-
lation of the PSI end acceptors might be protective per se. Especially the
abundance of FNR can be regarded as a critical component to prevent
the PSI photoinactivation and promote light stress tolerance
[33,39,51,56]. Emerging evidence suggests that the photoprotective
role of FNR is not limited to the forward electron flow to the NADPH-
consuming metabolisms. The over-expression of FNR in tobacco plants
caused only a moderate increase in NADP ™ reduction and no effect on
CO4 assimilation but resulted in enhanced tolerance to photodamage
[56]. Therefore, it was proposed that increased levels of FNR can
directly provide a sink pool to maintain P700 in the safe oxidised state,
while also helping remove radical species [56,57]. This hypothesis well
matches our observations in wheat mutants, revealing the accumulation
of PSI end acceptors, perhaps principally FNR, as a novel compensatory
mechanism against the deregulated electron flow in chlorophyll
biosynthesis mutants. The OJIP analysis clearly offers an electron
transport snapshot in a condition in which electrons cannot flow beyond
FNR [59], and therefore the functional relevance of the ferredoxin and
FNR accumulation in mutants is not directly evident. However, some
indirect information supporting the beneficial increase of end acceptors
can be obtained comparing ANBW4B and ANDW7B, which share the
same mutation at locus cn-B1b. The influence of the additional genome D
characterizing the hexaploid bread wheat on photosynthetic perfor-
mance and, particularly, its response to stress is not easily predictable
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[5,10,15,42,89]. In bread wheat mutants, the increase in PSI end ac-
ceptors is part of a general enlargement of the electron carriers pool per
chain, Sm; in durum wheat, the overall carrier abundance does not
change, but the PQ pool size, AV;p, is downregulated (Fig. 6). Under FL,
the changes in OJIP transients due to the mutation combine with those
due to the FL regime, both promoting higher AVip/AVjp. This further
enlargement of the end acceptors pool has very likely a metabolic cost
resulting in the significant biomass loss in ANBW4B and ANDW7B, but
particularly evident in the former (Table 1). The stronger investment in
electron carriers in ANBW4B (Fig. 5f) provides a satisfactory explana-
tion for its growth retardation specifically under FL, which previously
remained elusive, given the similar capacity of electron flow control
under CL and FL [15]. ANK32A illustrates a paradoxical “side effect” of
its impressive investment in electron carriers and, particularly, in PSI
end electron acceptors, i.e., the acquisition of a singular resistance to
growth under a FL regime. Although the P700" and I-P phase kinetics
clearly indicate a larger bottleneck in electron transport from PQ to end
acceptors in ANK32A, the slowed I-P rise in FL plants suggests the
occurrence of favourable adjustments similar to the WT line, e.g., not
occurring in ANDW7B (Fig. 11c, 1).

In conclusion, Fy/Fy and AVip/AVjp emerge as robust phenotypic
indexes, which appear valid across bread and durum wheat, sensitive to
the growth light regime, and largely age-independent. The severity of
wheat mutants is related to an excessively fast flow of electrons from PQ
pool to the end acceptors, as an intrinsic property of the thylakoid
membrane. The increase in the pool size of the PSI end electron accep-
tors can be interpreted as a compensative response to alleviate the PSI
acceptor-side limitation and is also favourable to the successful accli-
mation to a FL regime.
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