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Abstract

In nature, plants experience rapid changes in light intensity and quality throughout
the day. To maximize growth, they have established molecular mechanisms to opti-
mize photosynthetic output while protecting components of the light-dependent
reaction and CO, fixation pathways. Plant phenotyping of mutant collections has
become a powerful tool to unveil the genetic loci involved in environmental acclima-
tion. Here, we describe the phenotyping of the transfer-DNA (T-DNA) insertion
mutant line SALK_008491, previously known as nhd1-1. Growth in a fluctuating light
regime caused a loss in growth rate accompanied by a spike in photosystem (PS) Il
damage and increased non-photochemical quenching (NPQ). Interestingly, an inde-
pendent nhdl null allele did not recapitulate the NPQ phenotype. Through bulk
sequencing of a backcrossed segregating F, pool, we identified an ~14-kb large dele-
tion on chromosome 3 (Chr3) in SALK_008491 affecting five genes upstream of
NHD1. Besides NHD1, which encodes for a putative plastid Na*/H™ antiporter, the
stromal NAD-dependent D-3-phosphoglycerate dehydrogenase 3 (PGDH3) locus
was eradicated. Although some changes in the SALK_008491 mutant’s photosynthe-
sis can be assigned to the loss of PGDH3, our follow-up studies employing respective
single mutants and complementation with overlapping transformation-competent
artificial chromosome (TAC) vectors reveal that the exacerbated fluctuating light sen-
sitivity in SALK_008491 mutants result from the simultaneous loss of PGDH3 and
NHD1. Altogether, the data obtained from this large deletion-carrying mutant pro-
vide new and unintuitive insights into the molecular mechanisms that function to
protect the photosynthetic machinery. Moreover, our study renews calls for caution

when setting up reverse genetic studies using T-DNA lines. Although second-site
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1 | INTRODUCTION

Under field conditions, land plants are constantly exposed to changing
environmental triggers such as shifts in light, temperature, and water
availability. They have evolved a myriad of molecular mechanisms that
aid in rapid acclimation to the challenges to maximize their growth
potential (Armbruster et al., 2017). Interestingly, much of the sensing
and initial response takes place in chloroplasts. A detailed understand-
ing of these pathways and their genetic components may have great
potential to engineer the so-called green hub with the goal to design
more tolerant plants with faster acclimation capabilities (Kleine
etal, 2021).

Plant phenotyping of mutant collections, for example, by tracking
photosynthesis via chlorophyll fluorescence as a proxy for plant per-
formance, has become a hallmark to identify genetic loci that aid in
light acclimation (Cruz et al., 2016). Sudden spikes and drops in light
intensities are challenging for the photosynthetic machinery. If the
surplus of incoming light energy cannot be effectively dealt with, both
photosystems (PSs), but especially PSII, are prone to photodamage.
Although PSII damage, differently from PSI photoinhibition, can be
repaired quickly, plants employ several strategies to avoid this unnec-
essary burden: (1) the main component of non-photochemical
qguenching (NPQ), qE, quenches incoming light energy through heat
dissipation; (2) photosynthetic control, that is, slowing down linear
electron flow (LEF) between PSIl and PSI via the Cytbéf complex, is
critical to protect PSI; and (3) cyclic electron flow (CEF) between
Cytbéf and PSI plays an important role to protect and/or mitigate PSI
damage by avoiding PSI acceptor side limitation, which originates
from a sudden drop in Calvin-Benson-Bassham (CBB) cycle activity
and concomitant overreduction of the stroma (Kramer & Kunz, 2021).
All three described protective mechanisms are linked to the H™ gradi-
ent (ApH) established across the thylakoid membrane after the onset
of illumination (Armbruster et al., 2017). ApH is one component of
the proton motif force (pmf) driving the ATP synthase. The second
pmf component is the membrane potential Ay. Their relative quanti-
tative contribution (pmf partitioning) remains under debate
(Johnson & Ruban, 2013). Nevertheless, it varies depending on the
light conditions that have implications for all aforementioned strate-
gies. Because overprotection diminishes photosynthesis output, plants
can rapidly adjust pmf partitioning to turn off protection when light

intensity drops. This is primarily achieved via activity of H*-coupled

insertions, indels, and SNPs have been reported before, large deletion surrounding
the insertion site causes yet another problem. Nevertheless, as shown through this
research, such unpredictable genetic events following T-DNA mutagenesis can pro-
vide unintuitive insights that allow for understanding complex phenomena such as

the plant acclimation to dynamic high light stress.

chloroplast, forward genetics, phenotyping, photosynthesis, redox poise, T-DNA insertion

jon transporters and ion channels in the thylakoid membrane
(Armbruster et al., 2017). NPQ can be easily determined through
changes in PSII chlorophyll fluorescence. Therefore, the method has
been employed in many studies to characterize the consequences in
gene loss or gain of function mutants affected in loci encoding for thy-
lakoid ion transport proteins (Cruz et al., 2016; Hohner et al., 2019; Li
et al, 2021).

The majority of Arabidopsis mutants studied by plant scientists
are publicly available transfer-DNA (T-DNA\) insertion lines. Over the
last years, it has become clear that many T-DNA lines carry second-
site insertions and deletions of varying degree and sizes (Dash
et al,, 2021; OMalley et al., 2015). Even complex genome reorganiza-
tions have been reported (Jupe et al., 2019). Mutant genome sequenc-
ing has become very affordable and is strongly advised especially in
cases where independent alleles are not available. Notably, unantici-
pated second-site insertions have provided a slew of loss-of-function
mutants even in loci that lacked mapped insertions previously
(Hohner et al., 2019). Therefore, the genome coverage of the publicly
available T-DNA mutants is much higher than initially expected, which
is encouraging for scientists interested in using T-DNA populations
for forward genetic screens.

In this study, we describe the discovery of previously unknown
14-kb genomic deletion on chromosome 3 (Chr3) in the mutant line
SALK_008491. The deletion comprises six loci in total. Interestingly,
two of the six genes encode for plastid proteins. In combination, their
loss is responsible for a previously unknown severe sensitivity to fluc-
tuating light. Our finding was made possible through automated plant
phenotyping and insertion mapping of bulk mutant genome

sequencing data.

2 | RESULTS

21 | Automated phenotyping on previously
published plastid ion transport mutant reveals several
alternating parameters in SALK_008491 from wild
type

In an earlier study, we reported on the specific and highly reproduc-
ible growth light-dependent NPQ changes in Arabidopsis mutants
defective in plastid ion transport proteins (Hohner et al., 2019). To
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expand on our earlier datasets, we reran a fluctuating light experiment
but included the insertion line SALK_008491, previously published as
nhd1-1 (Muller et al., 2014). Specifically, we were interested in this
line because of the ongoing uncertainty if the transporter NHD1
(At3g19490) localizes to the plastid inner envelope and or the
thylakoid membrane (Tomizioli et al., 2014).

Fourteen-day-old Arabidopsis plants grown under 12/12-h

-2 -1

light-dark regimes (120 pmol photons m™“s™") were transferred

& o [SI@HB] wWiLEY L 2o

into the phenotyping unit, and a variety of growth parameters were
monitored for 20 days. Initially, the growth rate was identical among
genotypes (Figure 1ab), similar to F,/F, values (max quantum
efficiency of PSIl, Figure 1c,d). Interestingly, PSIl efficiency (®PSII)
in  SALK_008491, whereas steady-state NPQ was
above wild-type (WT) level throughout the entire experiment

was lower

(Figure 1le-h). After 1 week, the growth regime was switched
from continuous light to dynamic light conditions (12/12 h, 1 min
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FIGURE 1 Automated phenotyping of WT and SALK_008491, formerly known as nhd1-1. Fourteen-day-old plants were transferred into
LemnaTech phenotyping unit. Parameters were continuously monitored. For the first 7 days, plants were subjected to control light conditions
(100 pmol photons m~2 5™t in a 12-h light/12-h dark cycle at 22°C). From Day 8 until Day 16 (gray area), plants were subjected to a fluctuating

light (FL) regime, which included an additional 1 min at 500 pmol photons m™ s

~2 571 every 5 min. RGB images (a) and PAM measurements (c, e, g)

were acquired daily and used for plots in (b), (d), (f) (steady-state ®PSII, average of the last two induction curve values), and (h) (maximum
transient NPQ, average of the last two induction curve values). Data are presented as mean &+ SEM (n = 19).
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500 pmol photons m™2s7%, 4 min
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100 pmol photons m~2s71)
because exacerbated phenotypes have been reported for several
thylakoid ion transport-deficient mutants exposed to dynamic
growth light (Li et al., 2021). Indeed, SALK_008491 nplants
responded differently from WT plants. The previously observed
differences in steady-state NPQ and ®PSIl became more
pronounced. Additionally, PSIl damage, represented by a significant

(a) SALK_008491
X nhd1-2

wT SALK_008491

) < 5
Y O Y &
q.?g 4.?06"19?& " 4.96 q.QQé\iQQQ\
v S o S
o o +o¥ + ¥ o +of +

drop of F,/F, in SALK_008491, was noticeable. This defect was
accompanied by a reduction in growth rate, measured by the
observed increases in leaf areas. SALK_008491 mutant plants were
visually smaller. After 1 week of dynamic light treatment, the
growth light conditions were returned to continuous light
(12/12 h, 120 pmol photons m~2s~%). Subsequently, SALK_008491
recovered but continued to exhibit the same differences in NPQ

SALK_008491
x WT F,

FIGURE 2 Lossof NHD1
does not result in elevated NPQ
when grown under control light.
(a) Twenty-eight-day-old mutants
grown under control light
conditions at

90 pmol photons m—2 s~ appear
undistinguishable from the

WT. False color images
demonstrate that SALK_008491
is the only line with elevated
NPQ levels and lower ®PSl|
levels compared with WT,
SALK_008491xnhd1-2 cross
(nhd1-1nhd1-2), and
SALK_008491xWT (backcross
SALK_008491xWT). Statistical
analysis of F,/F, (b), tNPQuax (C),
and ®PSlI (d). Data are shown
as mean + SEM (n = 3). Different
letters indicate different levels of
significance (p < .05) as
determined by one-way ANOVA
and Tukey’s multiple
comparisons test.
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and ®PSII from WT as recorded during the first growth phase under

continuous light (experimental days: 1-7).

2.2 | Transient high NPQ in SALK_008491 is
caused by recessive gene loss other than NHD1

Initially, we were interested to test if the increase in steady-state
NPQ discovered in SALK_008491 was linked to the suggested func-
tion of NHD1 as a Na*/H™ antiporter (Furumoto et al., 2011; Muller
et al., 2014). Therefore, we crossed it with the nhd1-2 allele, which is
homozygous lethal due to an unknown second-site insertion (Muller
et al,, 2014). In addition, we also backcrossed SALK_008491 into the
WT (Figure 2a). Subsequently, we grew up the resulting Fy
individuals in 12/12-h light-dark regime (at continuous light:
120 pmol photons m~2s7Y) and determined chlorophyll fluorescence
parameters (Figure 2a-d). Surprisingly, the F; backcrosses with
nhd1-2 but also with WT did not show any NPQ changes (Figure 2c).
This meant that the high NPQ trait in the mutant is recessive but also
that elevated NPQ found in SALK_008491 is unlikely related to a loss
of NHD1 function.

Therefore, the F, progeny population from the SALK_008491 to
WT backcross was grown at 12/12-h light-dark regime (at continuous
light: 120 umol photons m~2 s™%) and scored for 21-day-old individ-
uals with higher NPQ (Figure 3a). The segregation ratio was roughly
1:3 (22 individuals with high NPQ vs. 68 individuals with WT-like
NPQ), that is, typical Mendelian segregation of a single genetic locus
as causative for the phenotype.

Next up, we collected equal tissue amounts from all mutant
individuals with high NPQ into one pool and isolated genomic

(a) ¢ LA
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plahine - —_—
- R
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SALK_ ==
008491 |

DNA (gDNA). To determine the exact molecular cause of the
phenotype, we used lllumina-based genome resequencing of our
gDNA pool. We aligned all reads to the Arabidopsis thaliana genome
(Col-0 accession) and compared it with sequencing reads obtained
from a WT control (Figure 3b). Just upstream of the originally
annotated T-DNA insertion site on Chr3 in SALK_008491, we dis-
covered a 14-kb deletion (Chr3 6,741,088-6,755,390, Figure S1a) in
total affecting six annotated genes (At3g14940-At3g19490,
Table 1) including NHD1. Subsequently, PCR-based genotyping

TABLE 1 Identified disrupted loci in SALK_008491 and
respective functional annotations

SUBA—
Molecular function subcellular
Locus according to TAIR10 protein location
At3G19440  Pseudouridine synthase family Mitochondrion
protein
At3G19450  ATCADA4, cinnamyl alcohol Cytosol
dehydrogenase 4
At3G19460  ER-associated membrane Plasma
protein of unknown function membrane
At3G19470  F-box and associated interaction Cytosol
domains-containing protein
At3G19480 PGDH3 involved in the plastid Plastid
phosphorylated pathway of
serine biosynthesis
At3G19490 NHD1 associated as a Na™/H™ Plastid
antiporter that extrudes
sodium in exchange for
protons
WT

- e m - . — - —

FIGURE 3 Backcrossing of SALK_008491 into the WT and identification of a large deletion in the F, bulk sequencing population (a). The
T-DNA insertion line SALK_008491 with elevated NPQ levels was backcrossed to WT (normal NPQ levels). The F; generation self-pollinated to
obtain an F, population. Ninety F, individuals were potted and screened for high NPQ levels: 68 individuals had normal and 22 individuals
elevated NPQ levels, resulting in a segregation ratio of ~3:1. (b) IGV image of the sequencing reads of SALK_008491 gDNA aligned to the
published Arabidopsis thaliana genome (TAIR10) revealed a 14-kb gap in which the genes are entirely or partially deleted (At3g19440-

At3g19490).
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insertion (Figure S1a,b).

2.3 | Transient high NPQ in SALK_008491 is
caused by loss of PGDH3

Within the 14-kb deletion, we identified the plastid stromal enzyme
PHOSPHOGLYCERATE DEHYDROGENASE 3 (PGDH3) encoded by
locus At3g19480. PGDH3 is one of three PGDH isoforms in Arabi-
dopsis to function in the phosphoserine pathway (Benstein
et al., 2013). Previous studies have shown that isoform PGDH3 is
important for full photosynthetic capacity in A. thaliana (Casatejada-
Anchel et al., 2021; Hohner et al., 2021). Besides changes in CO, fixa-
tion, the loss of PGDH3 results in a characteristic increase in transient
NPQ (tNPQmax) at non-saturating light conditions (Hohner
et al., 2021).

Therefore, we employed previously described T-DNA insertion
mutants pgdh3-1 and pgdh3-2 (Toujani et al., 2013) to create F,
generation crosses with SALK_008491. As controls, we also
generated F; backcrosses with WT. The entire plant panel was
grown up in a 12/12-h light-dark regime (at continuous light:
120 pmol photons m~2 s 1) and at a plant age of 21 days assayed for
transient NPQ during photosynthesis induction at growth light
(Figure 4a,b). All backcrosses to WT showed no significant NPQ
difference to the WT, whereas NPQ in F; SALK_008491 x pgdh3
plants resembled pgdh3-1 and pgdh3-2 single-mutant lines. We
followed up with immunoblotting and enzyme activity assays of total
leaf extracts. Indeed, leaf PGDH protein level and total PGDH activity
in SALK_008491 did not deviate from pgdh3-1 and pgdh3-2, that is,
were reduced by 40-50% compared with WT (Figure S2ab). In
addition, SALK_008491 showed absence of NHD1 protein in leaves.
Transforming SALK_008491 with a pUBQ10::PGDH3-RFP construct
restored PGDH3 enzyme amount and total PGDH activity, along

0.025

0.020 +

0.015 +

pmol/(ug*min)
I
2
o
1

FIGURE 4 Loss of PGDH3 is causative for elevated transient NPQ. (a, b) Allelism test demonstrates that high NPQ levels are caused by the
loss of PGDH3, as seen in SALK_008491, SALK_008491xpgdh3-1, SALK_008491xpgdh3-2, pgdh3-1, and pgdh3-2. Backcrossing into the WT
restored NPQ. Data in (b) are presented as mean + SEM (n = 3). SALK_008491 transformed with a pUBQ10::PGDH3-mCherry shows WT-like
NPQ levels (c, d) and recovered enzyme activity (e) (mean 4= SEM, n = 4). Different letters denote different levels of significance (p < .05) as

determined by one-way ANOVA and Tukey’s multiple comparisons test.
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with transient NPQ, which was now indistinguishable from WT
(Figure 4c-e).

In summary, our results indicate that the recorded changes in
NPQ dynamics in SALK_008491 are mostly unrelated to a loss of
putative plastid Na*/H" antiporter NHD1 but rather originate from
the lack of PGDH3 activity due to the loss of the entire locus within
the deletion.

24 | Dynamic environmental photosynthetic
imaging reveals additional changes in photosynthesis
specific to SALK_008491

We were curious if the loss of six genes is only affecting plant
performance via the loss of PGDH3. Therefore, we ran a dynamic
environmental photosynthetic imaging (DEPI) experiment (Cruz
et al., 2016). This allowed monitoring of more plant individuals from
all genotypes side by side. Additionally, we were able to use
higher light intensities, simulate “sinusoidal” illumination (peaking at

2571 Day 2), and a combination of “fluctuat-

ing” and “sinusoidal” light peaking at 1000 pmol photons m2s!
(Days 3 and 5, Figure 5a). Although the DEPI system identified lower
®PSII specifically in SALK_008491, changes in NPQ, qE, and ql

(photoinhibition) from WT were barely detectable in any genotype if

500 pmol photons m™

constant growth light was applied (Days 1 and 4, Figure 5b-e). This
changed when the light intensity was ramped up towards the middle
of the day (Day 2). NPQ and its main component gE increased drasti-
cally in all three mutant lines. Again, SALK_008491 revealed a more
pronounced loss of ®PSIl compared with single pgdh3 loss-of-
function lines. Although the three genotypes responded similarly to
the first fluctuating light treatment (Day 3), their behavior diverged
when the fluctuating light treatment was repeated on Day 5. Here,
SALK_008491 maintained high NPQ and gE, whereas both pgdh3
loss-of-function lines did not follow the same trend (Figure 5c,d). The
overall impression of the DEPI experiment was that the sinusoidal
growth light on Day 2 triggered the most extreme differences
between the mutant and WT plants.

To dissect the effects recorded in SALK_008491, pgdh3-1, and
pgdh3-2 from a different perspective, we plotted the dependence of
gE against LEF for all data points collected on Days 1-3 (Figure 5f).
This approach was previously described to estimate the “qE
sensitivity” of the system, likely reflecting factors that modulate the
relationship between electron flux and lumen acidification, which
controls the extent of qE (Kanazawa & Kramer, 2002). An increase in
this relationship could reflect activation of CEF, the downregulation
of the chloroplast ATP synthase (limiting proton efflux from the
lumen), or changes in the partitioning of pmf into ApH or Ay
(Strand & Kramer, 2014). Although the independent pgdh3 loss-of-
function mutants showed similar but homogenous variations from
WT, SALK_008491 behaved more extreme with higher gE values seen
at lower rates of LEF.

In summary, the DEPI data reveal that SALK_008491 shares sev-
eral phenotypic features with pgdh3 mutant lines. Importantly, it also

exhibits additional phenotypic traits that could be unrelated or
conditional to the effects caused by a PGDH3 loss. This may hint at a
previously undocumented role in photosynthesis or chloroplast func-
tion of one of the five other genes lost through the deletion in
SALK_008491.

2.5 | The conditional gene loss of PGDH3 and
NHD1 makes SALK_008491 highly susceptible to
dynamic high light stress

In our initial phenotyping experiment (Figure 1), SALK_008491 plants
showed decreased growth rates in response to fluctuating light. To
dissect this behavior, 14-day-old plants (12/12 h, continuous light
120 pmol photons m~2 s~1) were exposed to a long-term fluctuating
light treatment (12/12 h; 1 min 900 pmol photons m2s L, 4 min
90 pmol photons m=2 s72) (Schneider et al., 2019). After 2 weeks of
treatment, we determined photosynthetic parameters and above-
ground biomass (Figure 6a-c and Movie S1). Among all genotypes in
the experiment, SALK_008491 responded most dramatically with
strong photodamage represented by low F,/F,, values most apparent
in older leaves. NPQ levels in SALK_008491 were still above the WT,
but this was restricted to the less severely affected young tissue.
SALK_008491 showed very poor overall growth compared with all
controls (Figure 6c). All light stress-induced damages recovered within
2 days after switching the growth light to 12/12 h, continuous light
120 pmol photons m~2 s~ (Movie $2). According to F; WT back-
crosses, the extreme fluctuating growth light sensitivity was due to a
recessive genetic effect (Figure S3a). F,/F,, in SALK_008491 did not
differ from WT if constant high light stress was applied (Figure S3b).

We also investigated pgdh3 and nhd1 single mutants. In line with
earlier studies, loss of PGDH3 also resulted in PSIl damage. Transient
NPQ remained higher and ®PSII lower than WT. All effects were less
severe than in SALK_008491. Interestingly, we also observed clear
changes from WT in nhd1-1nhd1-2 plants under fluctuating light. Spe-
cifically, old leaves exhibited low F,/F,, and ®PSIl values, whereas
NPQ was similar to WT. None of the single mutants in the other four
deleted loci on Chr3 in SALK_008491 exhibited any light stress sensi-
tivity (Figure S3c,d). We transformed SALK_008491 with two differ-
ent but overlapping transformation-competent artificial chromosome
(TAC) clones (K19N23 and K25N10) (Liu et al., 1999). Both include
the PGDH3 and NHD1 loci. However, although K19N23 harbors all six
genes affected by the deletion in SALK_008491, TAC clone K25N10
only encodes PGDH3, NHD1, and loci downstream of NHD1
(Figure S4). Both clones complemented the fluctuating light stress
sensitivity observed in SALK_008491 and showed recovered F,/F,,
and fresh weight (Figure 6a-c).

In summary, our results indicate a previously unknown role for
NHD1 in the plant response to dynamic light stress. More importantly,
the extreme sensitivity towards these growth conditions as observed
in large deletion line SALK_008491 seems to be an additive effect
due to the absence of two nuclear encoded plastid proteins PGDH3
and NHD1.
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FIGURE 5 DEPI phenotyping platform reveals differences between SALK_008491 and pgdh3 loss-of-function alleles. Twenty-one-day-old
plants were moved to the DEPI chamber and treated with light regimes indicated in (a). Data are presented as change from WT, with ®PSlI|

(b) being presented as log,-fold change (ranging from —0.3 to 0.3), whereas NPQ (c), qE (d), and gl (e) are indicated as straight difference (ranging
from —0.6 to 0.6). The different approaches to comparing results (log fold vs. differences) are related to differences in the types of parameters
measured. ®PSII estimates yield (the fraction of light energy being used for photochemistry), and thus, a twofold change would have similar
magnitude effects. On the other hand, the NPQ components are related to the scalar concentrations of quenchers (Holzwarth et al., 2013), which
have nonlinear effects on the yield photochemistry. In this case, under very low light, the WT may have NPQ that is nearly zero, so that
comparing with a plant exhibiting even small increases in NPQ (which have only minor effects on photochemical efficiency) would result in
extremely large ratios or log-fold changes. (f) gE dependence on linear electron flow (LEF) for each time point measured on Days 1-3 and their

respective light regimes.

3 | DISCUSSION

Initial phenotyping experiments revealed unreported changes in pho-
tosynthesis and growth behavior of SALK_008491 T-DNA insertion

mutants. These changes were exacerbated under dynamic growth
light conditions. SALK_008491 had been previously published as
nhd1-1, that is, lacking the plastid Na*/H" exchanger NHD1 (Muller
etal, 2014).
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old SALK_008491, WT, and single-mutant controls were subjected to fluctuating light treatment and imaged after 2 weeks. Although pgdh3-1
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Our subsequent allelism test indicated that at least the steady-
state alteration in NPQ and ®PSII were unrelated to the loss of NHD1
and of recessive genetic nature. The subsequent genome resequen-
cing of pooled F, SALK_008491 individuals reproducing the original
phenotype uncovered a homozygous 14-kb deletion on Chr3 just
upstream of the NHD1 locus. Our follow-up studies with independent
lines and F4 crosses confirmed that increased steady-state NPQ is
caused by the absence of PGDH3 the adjacent locus to NHDI1.
PGDH3 converts 3-phosphoglycerate into serine precursors yielding
NADH. This short reaction pathway seems to avoid PSI acceptor side
limitations through providing an alternative electron sink to reoxidize
the stromal NADP pool (Hohner et al., 2021; Kramer & Kunz, 2021).

Interestingly, DEPI monitoring revealed that
SALK_008491 plants shared traits with two independent pgdh3 loss-
of-function alleles, it generally behaved more extreme when exposed

although

to sigmoidal high light and sigmoidal dynamic light (e.g., NPQ, loss of
biomass, and increased qE sensitivity at lower LEF). Indeed, in
long-term dynamic growth light experiments, SALK_008491 plants
exhibited drastically diminished growth and severe photodamaged
characterized by low F,/F,, and ®PSIl. Through the study of single
mutants and genetic complementation, we showed that the extreme
response to dynamic light is due to collective loss of both plastid pro-
teins, PGDH3 and NHD1. We also found that the loss of NHD1 alone
results in dynamic light-susceptible mutant plants, albeit to a less

severe extent. We hope this finding encourages further studies into

the relevance of NHD1 to the plant’s acclimation potential. NHD1
was initially described as a plastid envelope Na'/H" exchanger
(Furumoto et al., 2011). Later, it was detected in stroma lamellae frac-
tions from isolated Arabidopsis thylakoid membranes through proteo-
mics (Tomizioli et al., 2014). Therefore, a role in the regulation of the
pmf cannot be ruled out at this point. Unfortunately, no suitable nhd1
T-DNA insertions lines are available currently. The nhd1-1 allele har-
bors the here described homozygous 14-kb deletion upstream of
NHD1. The second available allele nhd1-2 yields only viable heterozy-
gous individuals probably due to an uncharacterized second-site
mutation that causes homozygous lethality. Because of these genetic
uncertainties and the unknown effect of heterozygous deletions and
mutations, the here employed nhd1-1nhd1-2 crossed allele serves as a
temporary solution at best. CRISPR/Cas9 genome editing may yield
side effect-free nhd1 loss-of-function alleles.

Over the last years, the possibility of affordable mutant genome
resequencing has provided unprecedented insights into the complex
genome architecture that can emerge from T-DNA mutagenesis.
Chromosome rearrangements as well as small indels have been dis-
covered frequently (Jupe et al., 2019). In addition, larger deletions
(31 insertions with deletions larger than 1000 bp, eight of them larger
than 5 kb) were revealed by short-read sequencing in the GABI-Kat
collection (Kleinboelting et al., 2015). One of these, a 6.1-kb deletion
on Chr3, affected three genes in total, which caused a previously

undescribed phenotype. In some cases, sequencing results that
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appeared as genomic deletions were merely due to faulty TAIR9
genome assembly in specific chromosomal regions (Pucker
et al., 2021). Based on our follow-up PCR genotyping, we can exclude
a rearrangement or misannotation for the 14-kb deletion of interest
on Chr3in SALK_008491.

Large genomic deletions can be valuable research tools. For
instance, a rare recombination event between T-DNAs from two
single-insertion lines gave rise to 25-kb deletion on Chr4, eradicating
three mitogen-activated protein (MAP) kinase kinases (MAPK1-3)
loci, provided unique insights into the relevance of MAPKs (Su
et al., 2013). Using CRISPR/Cas9 genome editing or argon irradiation,
viable Arabidopsis mutants carrying 30- to 70-kb (Grutzner
et al, 2021) and even 940-kb deletion respectively (Sanjaya
et al., 2021) have been isolated. The growing number of transgenic
lines with large genomic deletions upstream and downstream of the
T-DNA insertion suggests more deletion lines at the stock centers
likely exist. Low-coverage mutant genome resequencing (used here),
protocols such as 4SEE (Krispil et al., 2020), or multiplexed RNA-SEQ
combined with bioinformatic tools for alignments, pseudoalignments,
and variant calling can be utilized to spot unknown T-DNA insertion
sites (Bray et al., 2016; Inagaki et al., 2015; Lambirth et al., 2015; Park
et al.,, 2017; Sun et al., 2019).

In the case of SALK_008491, we were able to describe a new
phenotype, that is, severe sensitivity towards dynamic light treat-
ments, which emerges from the loss of the two plastid proteins
PGDH3 and NHD1. According to SUBA4 (Hooper et al., 2017), the
other deleted four loci encode for proteins outside the chloroplast
(Table 1). The loss of PGDH3 causes increase PSI acceptor side limita-
tion as shown before (Hohner et al., 2021). We hypothesize that the
additional loss of NHD1, which may also facilitate ion flux across the
thylakoid membrane (Tomizioli et al., 2014), further affects the mem-
brane potential component of the pmf, Ay. High Ay results in severe
charge recombination within PSII (Davis et al., 2016). The combinatory
effects therefore rapidly deteriorate SALK_008491 plants’ perfor-
mance when shifted into fluctuating light. New research into the role
of NHD1 is required to understand its hypothetical role in pmf
dynamics. This study shows that large deletion mutants can be useful

genetic tools allowing new and unintuitive phenotypic insights.

4 | CONCLUSIONS

In the here reported study, we were able to add another large deletion
Arabidopsis mutant to the public mutant repository through charac-
terization of the SALK_008491 line. We show that two missing plastid
proteins, PGDH3 and NHD1, individually play a role in the plant accli-
mation to dynamic light. Their joint loss has dramatic consequences
for photosynthesis and growth of SALK_008491 under dynamic light
stress. Our results encourage further studies into understanding the
physiological significance of the plastid putative Na®/H™ exchanger
NHD1. Moreover, we argue for the importance to report large dele-
tion Arabidopsis mutants as they can be used to gain unintuitive

insights into complex genetic and physiological traits. A collection of

Arabidopsis large deletion mutants may support efforts to define the

minimal nuclear genome for the design synthetic plant cells.

5 | MATERIALS AND METHODS

51 | Growth conditions

A. thaliana WT and mutant plants (accession Columbia-0 [Col-0]) were
germinated on one-half Murashige and Skoog (MS), 1% phytoagar
plates pH 5.8 for 7 days in a growth chamber (CU-41L4; Percival

Scientific) with 150 pmol photons m=2 571

of continuous light
(cool-white fluorescent bulbs), 16/8-h light:dark cycle. After potting
plants on soil (Sungro Professional Growing Mix #1, Sun Gro
Horticulture, Agawam, MA, USA), they were shifted to self-built

~2571 of continuous light in

growth racks with 120 pmol photons m
12/12-h light:dark cycles and room temperature 22°C (Schneider
et al., 2019). When individuals were designated for light treatments,
2-week-old plants were moved either into constant high light
(900 pmol photons m~2 5™ or into fluctuating light for 2 weeks. The
SALK_008491 (nhd1-1) and Sail107_FO7 aka nhd1-2 were originally
obtained from ABRC but used in an earlier study (Muller et al., 2014).
The nhd1-1nhd1-2 mutant line was generated by crossing of respec-
tive single mutants. Subsequent BASTA selection of progenies
ensured that both insertions were maintained in a heterozygous state.
As described previously, this results in an another viable overall homo-

zygous nhd1 loss-of-function allele (Muller et al., 2014).

5.2 | PCR-based genotyping

In all reactions, Phusion® High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA, USA) was used. The standard thermo-
cycler settings used were 96°C for 2 min, followed by 30 cycles of
94°C for 10's, 55°C for 30's, and 72°C for 30-60 s. Final elongation
was at 72°C for 5 min. PCR products were visualized by agarose gel
electrophoresis and ethidium bromide staining. The primers used to
confirm the 14-kb genomic deletion by PCR can be found under
Table S1.

5.3 | Chlorophyll a fluorescence measurements
A MAXI version IMAGING-PAM (IMAG-K7 by Walz, Effeltrich,
Germany) was employed in all experiments in all photosynthesis-
related experiments with the exception of DEPI runs. Before each
measurement, plants were positioned in customized plant holders.
Subsequently, plants were dark-adapted for 15 min followed by
recording of a standard induction curve at 186-pmol photons m2s?!
actinic light (Kunz et al., 2009). Image extraction and data analysis
were performed as described earlier (Schneider et al., 2019).
Homozygous loss-of-function lines were monitored by DEPI at

the Center for Advanced Algal and Plant Phenotyping at Michigan
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State University for five consecutive days using dynamic light intensi-
ties as described earlier (Cruz et al., 2016). DEPI results were calcu-
lated as described in Cruz et al. (2016). gE is also referred to as NPQ;
and gl as NPQ, respectively.

54 | Genome sequencing and assembly using
lllumina reads

gDNA from SALK_008491 was extracted from leaf tissue using the
NucleoSpin Plant Il kit (MACHEREY-NAGEL, Diren, Germany). From
the purified gDNA sample, plant and animal whole-genome library
(350 bp) was prepared and sequenced on an lllumina NovaSeq 6000
with 150-bp paired ends and 4-GB output (Novogene, Beijing, China).
The raw sequencing data from SALK_008491 can be found at
PRJNA802985. Reads were obtained in fq format and aligned to the
TAIR annotation release 10 of the A. thaliana reference genome in
fasta format and with pROK2 plasmid sequence (CD3-445) added in
as an extra chromosome. The following programs were used: Bowtie2
(Langmead & Salzberg, 2012), SAMtools (Li et al., 2009), and lumpy-sv
(Layer et al., 2014). Genome alignments were visualized with the
Integrative Genomics Viewer (Robinson et al., 2011). Col-0 WT reads
for genome comparisons were taken from SRA accession ID:
PRJNA590836 (David et al., 2019).

5.5 | Automated phenotyping

SALK_008491 T-DNA line and corresponding WT plants were imaged
for 22 days inside WSU’'s Compact Plants Phenomics Center
(LemnaTech, Aachen, Germany) (Li et al., 2021). Constant light treat-
ment was 100 pmol photons m™2s~t in a 12-h light/12-h dark cycle
at 22°C/18°C, and fluctuating light treatment was 1 min at
500 pmol photons m™2 s~* and 4 min at 100 pmol photons m~2 s~*
in a 12-h light/12-h dark cycle at 22°C/18°C. RGB picture and chloro-

phyll a fluorescence data were acquired on a daily basis.

5.6 | Generation of SALK_008491 pG20_Hyg::
PGDH3-mCherry and TAC complementation lines

The pG20_Hyg::PGDH3-mCherry construct was generated by ampli-
fying PGDH3 cDNA (sense primer: cgcgccactagtggatccatggegacgtctet-
gaatctatc/antisense primer: cccttgctcaccatcccgggtagtttgaggaaaa
caaactcttcaatggcagg) without stop codon from a total leaf cDNA pool.
The resulting product was inserted into a BamHI/Xmal cut
pG20_mCherry_Hyg vector by Gibson cloning (Pratt et al., 2020). The
TAC clones K19N23 and K25N10 were ordered from ABRC. The con-
structs were transformed into SALK_008491 by floral dip (Clough &
Bent, 1998). Individual transgenic plants were initially selected on the
basis of resistance to hygromycin, respectively. The presence of the
constructs was confirmed by PCR. Furthermore, the construct pres-

ence in SALK_008491 + pUBQ10:PGDH3::mCherry was confirmed on

a Leica SP5 confocal microscope. mCherry excitation occurred at
587 nm, and emission at 594-671 nm was detected. Lastly, the
degreed of PGDH3 overexpression was measured using total PGDH

activity assay (Hohner et al., 2021).

5.7 | Immunoblotting of PGDHs and NHD1
Immunoblotting of total PGDH protein in leaf extracts was done
exactly as described earlier (Hohner et al., 2021). To allow for NHD1
detection, an a-NHD1 immunoglobulin was commercially generated
(YenZym Antibodies, San Francisco, CA, USA). As an antigen, a
short peptide corresponding to the N-terminal loop in NHD1 was
synthesized (AAs:#95~113: VDEPSSSYFEANYQPKTDI). The resulting
a-NHD1 gave only weak NHD1 signal in total leaf extracts and was
therefore detected using SuperSignal West Femto ECL Substrate
(Thermo Scientific™).

ACCESSION NUMBERS

NHD1 (At3g19490), PGDH3 (At3g19480), SALK_008491 (CS72464)
aka nhd1-1 (Muller et al., 2014), nhd1-1nhd1-2 (Sail107_FQ7)
(Muller et al, 2014), pgdh3-1 mutant (SM_3_37584, CS72462)
(Toujani et al., 2013), pgdh3-2 (GK-877F12, CS72463) (Toujani
et al., 2013), TAC K19N23 (Liu et al, 1999), and TAC K25N10
(Liu et al., 1999).
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