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FIGURE 4 | The fatty acid biomarkers and immunoblotting analysis of
chloroplasts isolated from C. reinhardtii under normal conditions. (A) The fatty
acid biomarkers of chloroplasts was compared to that of the whole cells.

(B) Western blotting for an endoplasmic reticulum (ER) marker protein, binding
immunoglobulin protein (BIP), was conducted to detect ER contamination of
the chloroplast fraction. N + 1, N + 3, and N + 5 refer to normal chloroplasts
isolated after exposure to 0.35, 0.55, and 0.75 MPa, respectively, under the
same rotation speeds of 750 g and subsequently 670 g. N + 2, N + 4, and

N + 6 referred to normal chloroplasts isolated from 0.35, 0.55, and 0.75 MPa,
respectively, under the same rotation speeds of 5000 x g and subsequently
5000 x g. N + cell refers to cells cultured under normal conditions. The
cellular fatty acid content is denoted as mg of fatty acyl groups per g of the
cellular biomass (DW). The mass of chloroplast fatty acid was normalized to
the original cellular dry biomass, which was based on the chlorophyll (Chl)
amount, and denoted as mg of fatty acids per g of the equivalent cellular dry
biomass. The fatty acyl is expressed as number of carbons:number of double
bonds with n-number, indicating the position of the double bond from the
methyl end. Data are the means of three measurement replicates from one
independent experiment (n = 3). Error bars represent standard deviations.

As the largest fraction of the algal lipidome (Horn and
Benning, 2016), glycerolipids are specifically distributed into
distinct subcellular membranes that execute unique functions
(Moellering and Benning, 2011) and possess characteristic fatty
acyl compositions (Trémolieres, 1998). Therefore, the acyls
of glycerolipids were analyzed for both the chloroplast and
the entire cell. Four special fatty acids, ie., 18:3n6, 18:4n3,
16:4n3, and 18:3n3 (number of carbons:number of double bonds
with n-number, which indicates the position of the double
bond from the methyl end), were found to be distributed in
the chloroplast with distinct proportions (Figures 4A). The
chloroplasts isolated under higher rotation speeds (Groups
N + 2, 4, and 6) contained lower proportions of 18:3n6 (40,
40, and 38%) and 18:4n3 (57, 66, and 56%) of the whole
cells (Table 2). In contrast, these chloroplasts had relatively
higher proportions of 16:4n3 (86, 91, and 92%) and 18:3n3

(83, 88, and 88%). In particular, 18:3n6 and 18:4n3 are mainly
limited to DGTS (diacylglycerol-N, N, N-trimethylhomoserine)
and PE (phosphatidylethanolamine), which are the presumed
signature lipids of extra-plastidic membranes, especially the ER
(Giroud et al., 1988; Trémolieres, 1998); 16:4n3 and 18:3n3 are
exclusively enriched in MGDG (monogalactosyldiacylglycerol)
and DGDG (digalactosyldiacylglycerol), which are the postulated
signature lipids of the chloroplast (Giroud et al., 1988; Moellering
and Benning, 2011). Based on the proposed principles (Giroud
et al., 1988; Trémolieres, 1998; Moellering and Benning, 2011),
18:3n6 and 18:4n3 can serve as negative biomarkers and 16:4n3
and 18:3n3 positive biomarkers of the isolated chloroplasts.
In this study, their distribution ratios in the chloroplast were
considered to represent the purity and integrity of this organelle
in C. reinhardtii. Thus, the chloroplasts of Groups N + 2,
4, and 6 (Table 1) were presumed to contain more MGDG
and DGDG and less DGTS and PE, indicating that these
chloroplasts were of relatively higher integrity and purity. To
further identify chloroplasts with higher quality, the mass ratios
of (16:4n3 + 18:3n3) to (18:3n6 + 18:4n3), indicated as R, were
compared. The results showed that the R-values of chloroplasts
obtained from distinct isolation conditions were all greater than
7 and at least 1.5-fold of that in the whole cell, showing notable
differences between the chloroplast and the whole cell. The
highest R-value was observed for chloroplasts isolated under
the highest pressure and centrifugation speed (Group N + 6,
Table 1), reaching 9.89, which was twofold of that in the
whole cell and assumed to be the chloroplasts with the best
quality. In addition, these chloroplasts exhibited the weakest
band of BIP, an ER marker, by western blotting, showing the
lowest amount of ER (Figure 4B). Under transmission electron
microscopy, the chloroplast was found to be morphologically
intact, enclosed in the envelope membrane and with the
central pyrenoid encircled by a starch sheath. Thus, high-
quality chloroplasts had less than 38% of 18:3n6 and more

TABLE 2 | The percentage (%) of fatty acid biomarkers of chloroplasts in whole
cells under normal conditions.

Percentage (%)

Fatty acid

N+1 N+2 N+3 N+4 N+5 N+6
18:3n6 50+ 3 40+ 2 59+ 4 40+ 2 45+ 2 38+2
18:4n3 64 £3 57 +3 78+4 66 + 4 80+3 56 £ 3
16:4n3 85+2 86+5 99 +1 91+5 89+5 92 +5
18:3n3 83+3 83+2 96+ 4 88+4 86+ 4 88+ 4

The percentage of fatty acid biomarkers of chloroplasts in whole cells is calculated

as “(the mass of fatty acyl group of chloroplasts) / (the mass of fatty acyl group of
the whole cells) x 100%” according to the data of Figure 4A. N + 1, N + 3,
and N + 5 refer to normal chloroplasts isolated after exposure to 0.35, 0.55,
and 0.75 MPa, respectively, under the same rotation speeds of 750 x g and
subsequently 670 x g. N + 2, N + 4, and N + 6 refer to normal chloroplasts
isolated after exposure to 0.35, 0.55, and 0.75 MPa, respectively, under the
same rotation speeds of 5000 x g and subsequently 5000 x g. The fatty acid
is expressed as number of carbons:number of double bonds with n-number,
indicating the position of the double bond from the methyl end. Data are
mean =+ standard deviation of three measurement replicates from one independent
experiment (n = 3).
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FIGURE 5 | Time course of growth performance of C. reinharditii under nitrogen stress. (A) Changes in cell growth parameters in response to nitrogen stress.
(B) Levels of intracellular chlorophyll (Chl) and nitrogen (N) content under nitrogen starvation. An asterisk denotes significant (P < 0.05) decreases of the cellular Chl
and nitrogen content within 4 h of nitrogen stress. Data are the means of three independent experiments (n = 3). Error bars represent standard deviations. CD, OD
and DW denote cell density, optical density at 750 nm and cellular dry weight.

than 88% of both 16:4n3 and 18:3n3 of that in the whole
cell.

Chloroplast Isolation from Cells under

Nitrogen Stress

During 4 h of exposure to nitrogen stress, there was a slight
increase in cell density from 3.61 to 4.68 x 10° cells ml~!
(ODy750 increased from 0.752 to 0.950), and the cellular dry
weight density also showed an elevation from 0.45 to 0.59 mg
ml~! (Figure 5A). The cell dry weight remained unaltered
(~120 g per million cells). The Chl concentration did not alter
significantly, albeit exhibited a slight tendency to increase from
13.60 to 14.24 ug ml~!. These gradual variations indicated that
cell division occurred in the early stage of nitrogen stress. The
Chl and nitrogen content of each cell decreased by 19% (calculate
using Chl concentration and cell density) and 32% (Figure 5B),

respectively, representing the stress levels of the algal cells.
Further, the six conditions designed for the normal chloroplast
isolation were applied to prepare nitrogen-stressed chloroplasts.
Only 0.5-3% of chloroplasts were successfully isolated from
stress-treated cells, a sharp decline of 80~98% compared with
normal chloroplasts (Figure 2A, Table 3), which indicated that
the N-starvation conditions could only be imposed for at most
4 h. Thus, 4 h was set as the maximum limited stress duration
for successful chloroplast isolation. In addition, the chloroplast
yield from stress-induced cells was highest at low speeds (750 x g
for 2 min and 670 x g for 1 min) (Table 3), which was opposite
to that under normal conditions. It is likely that when the
stronger centrifugation force acted on the less resistant cells,
the chloroplast membranes were more easily destroyed, severely
hindering isolation of stressed chloroplasts.

With respect to the proposed criteria involving the fatty acid
biomarkers under normal conditions, the fatty acyl profiles of

TABLE 3 | Distinct yields and fatty acid methyl ester mass ratio (R) of chloroplasts isolated from C. reinhardftii under nitrogen stress.

Group Condition Yield (%) R
N-—1 0.35 MPa; 750 x g, 2 min; 670 x g, 1 min 2.66 £ 0.11 8.97 £ 0.47
N-—-2 0.35 MPa; 5000 x g, 2 min; 5000 x g, 1 min 0.59 + 0.04 nd
N-3 0.55 MPa; 750 x g, 2 min; 670 x g, 1 min 3.06 £0.14 9.24 +£0.43
N-—4 0.55 MPa; 5000 x g, 2 min; 5000 x g, 1 min 2.00 £0.15 10.49 £ 0.57
N-5 0.75 MPa; 750 x g, 2 min; 670 x g, 1 min 2.09 £0.16 11.29 £ 0.54
N-6 0.75 MPa; 5000 x g, 2 min; 5000 x g, 1 min 0.48 +£0.03 nd
N — cell nd nd 423 +0.28

N—-1,N-2,N—=3 N—4,N—>5 and N — 6 refer to stressed chloroplasts isolated from six conditions. N-cell refers to cells cultured under nitrogen stress. The yield
is calculated as “(chlorophyll content of isolated chloroplasts)/(chlorophyll content of the corresponding cells) x 100%”. R means the mass ratio of (16:4n3 + 18:3n3)
to (18:3n6 + 18:4n3) and is calculated using the data of Figure 6. nd, not detected. Data are mean + standard deviation of three measurement replicates from one

independent experiment (n = 3).
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stressed chloroplasts were further analyzed for quality evaluation
(Figure 6). Due to the limitation of the minimum amount
required for total fatty acid analysis (Liu et al., 2015), the fatty
acyl compositions of chloroplasts from Groups N-2 and 6 were
not determined. Lipid analysis showed that the isolated Group
N-5 chloroplasts contained the lowest levels of negative fatty
acid biomarkers (no more than 38% for both 18:3n6 and 18:4n3)
and relatively high levels of positive fatty acid biomarkers (more
than 90% for both 16:4n3 and 18:3n3; Table 4), resulting in
the highest R-value (Table 3), which was postulated to be the
chloroplasts with the best quality. Further, the quality of these
chloroplasts were validated using Western blot and morphology
observation. The stressed chloroplasts isolated from Group N-5
contained very low levels of ER, as revealed by the BIP marker
test (Figure 2B) and retained good integrity as the normal
chloroplasts (Figure 2C). Nevertheless, these chloroplasts were
disorganized to some extent and exhibited less compactness, with
some reduction of appressed regions of the thylakoids, which was
consistent with the decrease in the Chl content of the stressed
cells. In addition, starch granules significantly accumulated and
were scattered among the thylakoid membranes, leading to
the chloroplast being distorted and obscured. Taken together,
sufficient amounts of chloroplasts were successfully isolated from
C. reinhardtii cells following 4 h of nitrogen stress, and their
purity and integrity remained uncompromised.

DISCUSSION

In response to nitrogen stress, the C. reinhardtii chloroplast plays
a crucial role in TAG accumulation (Du and Benning, 2016;
Xu et al., 2016). However, the contribution by chloroplasts in
comparison to the ER with regard to TAG accumulation remains
veiled. To help resolve this issue, it is imperative to obtain
chloroplasts with high quality.

Homogenous Cultivation in PBRs
Contributes to Reproducible Isolation of
Chloroplasts

In previous studies, autotrophic or mixotrophic algal cultures
are normally maintained in flasks, and the required volumes
for chloroplast isolation are reportedly no more than 1 - 2 L
(Bennoun, 1982; Bollivar and Beale, 1995; Mason et al., 2006).
However, the culture volume for stressed chloroplast isolation is
much higher than that under normal conditions because of the
much lower isolation yield. In this case, cultivation in PBRs is
a feasible approach to provide an adequate volume of stressed
cells for chloroplast isolation. In the current study, uniform algal
populations were obtained from cyclic subcultures in flasks and
stable batch cultures in PBRs, which is vital to yielding abundant
chloroplasts in similar physiological state. To a large extent,
this process depends on a constant transferring cycle of liquid
subculture in flasks (7 days in this study) under a synchronous
light-dark cycle. In addition, C. reinhardtii propagates more
slowly in minimal medium, even when supplemented with CO,,
compared with TAP medium, which contributes to the formation
of a uniform culture. This autotrophic culture mode is able to
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FIGURE 6 | The fatty acid biomarkers of chloroplasts isolated from

C. reinhardtii in response to nitrogen stress. N-1, N-3, and N-5 refer to
stressed chloroplasts isolated after exposure to 0.35, 0.55, and 0.75 MPa,
respectively, under the same rotation speed 750 x g and subsequently

670 x g. N-4 refers to stressed chloroplasts isolated after exposure to

0.55 MPa, under 5000 x g and subsequently 5000 x g. N-cell refers to cells
cultured under nitrogen stress. The cellular fatty acid content is denoted as
mg of fatty acyl groups per g of the cellular biomass (DW). The mass of
chloroplast fatty acid was normalized to the original cellular dry biomass,
which was based on the chlorophyll (Chl) amount, and denoted as mg of fatty
acids per g of the equivalent cellular dry biomass. The fatty acyl is expressed
as number of carbons:number of double bonds with n-number, indicating the
position of the double bond from the methyl end. Data are the means of three
measurement replicates from one independent experiment (n = 3). Error bars
represent standard deviations.

prevent bacteria from frequent reproduction (Mason et al., 2006),
especially at the initial growth phase when the cell density is low,
i.e., ~10* cells ml~! (Figure 3). Axenic culture derived from agar-
solidified medium is also crucial to ensure vigorous growth of
cells in flasks and PBRs.

The culture system in PBRs is stable and favorable for
obtaining reproducible batch cultures. Moreover, the cell
doubling time was notably reduced when the cultures were
transferred into PBRs aerated with 4% CO, (see Materials and
Methods). In this case, more chloroplasts could be isolated from
more algal cultures in PBRs at one time, which is a time-
and space-saving approach compared to flask culture. Based
on a 500 ml algal culture containing 10 mg Chl, the stressed
chloroplast yield was 0.5~3%, containing 50 — 300 jug Chl and no
more than 530 pg FAMEs (Supplemental Table S1). Chloroplast
isolation under stress conditions largely relies on cyclic and stable
pre-cultivation in flasks and PBRs, which serves as an essential
assurance for isolating more homogenous chloroplasts.
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TABLE 4 | The percentage (%) of fatty acid biomarkers of chloroplasts in whole
cells under nitrogen stress.

Percentage (%)

Fatty acid

N-1 N-3 N-4 N-5
18:3n6 48 £ 2 41 £1 30+2 34+£2
18:4n3 41 +1 51+2 52+ 2 38+2
16:4n3 99 +4 94 +3 87 +3 9B +4
18:3n3 96 +3 95+4 89+3 94 +£3

The percentage of fatty acid biomarkers of chloroplasts in whole cells is calculated
as “(the mass of fatty acyl group of chloroplasts)/(the mass of fatty acyl group of the
whole cells) x 100%” according to the data of Figure 6. N-1, N-3, and N-5 refer
to stressed chloroplasts after exposure to 0.35, 0.55, and 0.75 MPa, respectively,
under the same rotation speed 750 x g and subsequently 670 x g. N-4 refers to
stressed chloroplasts isolated after exposure to 0.55 MPa, under 5000 x g and
subsequently 5000 x g. The fatty acid is expressed as number of carbons:number
of double bonds with n-number, indicating the position of the double bond from the
methyl end. Data are mean + standard deviation of three measurement replicates
from one independent experiment (n = 3).

Cell Disruptor with Gentle Mechanical
Shear Force is Vital to Keeping

Chloroplast Intact

In addition to chemical lysis (Klein et al., 1983; Kreuzberg et al,,
1987; Sultemeyer et al, 1988), mechanical methods through
nitrogen decompression are often utilized to break cells for
chloroplast isolation from C. reinhardtii. Although the Yeda
press was widely used in the 1980s (Belknap and Togasaki, 1981;
Mendiola-Morgenthaler et al, 1985; Goldschmidt-Clermont
et al, 1989), it had less satisfactory results for cells grown
photoautotrophically and tended to result in more ruptured
chloroplasts (Moroney et al, 1987; Mason et al, 1991).
Subsequently, a Bioneb nebulizer, available since the 1990s,
became an alternative device for breaking cells (Bollivar and
Beale, 1995; Jans et al., 2008; Burgess et al., 2016). In addition,
a few custom-made devices (Naumann et al, 2005; Mason
et al., 2006; Terashima et al., 2010) have been used to break
C. reinhardtii cells. When Bioneb was applied to nitrogen-starved
cells in our preliminary experiments, its mechanical shear force
appeared to be so strong that we observed reduced integrity
of stressed chloroplasts. Thus, a simple mechanical disruptor
was designed (Figure 1B) to gently break stress-treated cells
and release intact chloroplasts without strong mechanical force.
Moreover, this device can be easily assembled and modified as
needed. Its principle depends on nitrogen decompression. First,
a massive amount of nitrogen is dissolved in concentrated cells
in a stainless steel vessel under a designated pressure. When
the gas pressure is controllably released from the needle valve,
the nitrogen separates from the cells as expanding bubbles
that stretch the membrane of each cell until they rupture,
and multiple cell fragments including chloroplasts are then
released from the disruptor. As this disruption device requires
no electricity and generates no heat, the concentrated cells
can be chilled to protect them from damage. The available
volume of the cylinder tube body is 10 - 40 ml, and at
most 15 mg Chl-containing cells can be broken at one
time.

In this study, this custom-made disruptor produced 5 - 30%
of normal chloroplasts (ranges of twelve independent tests),
consistent with previous reports (Klein et al., 1983; Katzman
et al, 1994; Mason et al, 2006). More importantly, it also
generated 0.5 — 3% of stressed chloroplasts (ranges of seven
independent tests). As an environmental sensor (Chan et al.,
2016), the nitrogen-stressed chloroplasts became distorted, as
determined by an decrease in appressed regions of the thylakoids
and an increase in starch granules (Figure 2C), which were
prone to result in broken chloroplasts and thought to be key
limiting factors for yielding large amounts of intact chloroplasts
(Klein et al., 1983; Fan et al., 2011). The physical features of
the cell slurry, such as viscosity, cell density, particle size and
settleability of the suspension, jointly affect the disruption level
of the cells (Fleischer and Rouser, 1965; Chisti and Mooyoung,
1986). Additionally, the cell disruption process should be rapid;
otherwise, the extruded chloroplast from a cell is likely to be
ruptured (Moroney et al, 1987). It is suggested that a cell
disruptor with similar principles of mild mechanical shear force
on cells would be appropriate to gently break stress-induced cells
and maintain good integrity of the chloroplast.

A Quality Control Method Involving the

Fatty acid Biomarkers Is Feasible

Due to the different target applications of the isolated
chloroplasts, the quality criteria also differ. Normally, the quality
of C. reinhardtii chloroplasts involves three aspects, i.e., yield,
purity and integrity (Mason et al., 2006). The yield is based
on Chl recovery, and the purity or contamination depends on
the presence of marker proteins in other sub-compartments,
especially the mitochondria and cytosol, which are commonly
less than 20% (Belknap, 1983; Klein et al,, 1983; Kreuzberg
et al., 1987). The fraction of isolated chloroplasts in this study
was expected to be free of ER, the other essential organelle for
TAG accumulation. Immunoblotting analyses revealed the slight
ER contamination revealed by BIP detection, which were also
reported in a previous study (Warakanont et al., 2015). Integrity
is assessed by oxygen evolution using a ferricyanide assay, which
is often more than 80% (Belknap, 1983; Kreuzberg et al., 1987).
Furthermore, electron microscopy is often used to confirm the
purity and integrity of chloroplasts (Klein et al., 1983; Mendiola-
Morgenthaler et al., 1985; Mason et al., 2006). In our study,
electron microscopy images showed that both the normal and
stressed chloroplasts were largely intact. However, because of our
aim to study subcellular lipid metabolism in C. reinhardtii, it was
necessary to focus on chloroplast quality in terms of the lipid
composition.

According to the proposed criteria based on the fatty acid
biomarkers, the isolated chloroplasts with fewer proportions
of 18:3n6 and 18:4n3 mainly in DGTS and PE and greater
proportions of 16:4n3 and 18:3n3 mainly in MGDG and
DGDG were likely to be less contaminated by ER and having
relatively intact envelopes. The proposed criteria were deduced
from a general principle, whereby the preferential distribution
of fatty acids at the sn-2 position of glycerolipids reflects
their biosynthetic origin from the ER or chloroplast in plants
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(Roughan and Slack, 1982). Based on that, the chloroplast of
C. reinhardtii was presumed to contain 14% DGTS, 11% PE,
97% MGDG and 97% DGDG (Giroud et al., 1988), indicating
that a majority of DGTS and PE reside in the ER and that
most MGDG and DGDG are present in the chloroplast of
C. reinhardtii. However, what is the lowest proportion of 18:3n6
and 18:4n3 of DGTS and PE in ideal pure chloroplasts of
C. reinhardtii? Janero and Barrnett (1981) detected 38% DGTS
in chloroplast membranes. In this study, the 18:3n6 and 18:4n3
levels of DGTS and PE were no more than 38% and 16:4n3
and 18:3n3 levels of MGDG and DGDG were greater than 88%
in the best quality chloroplasts (Groups N + 6 and N — 5)
under normal and stress conditions, which were all close to
the reported results. In addition, the immunoblotting analysis
and ultrastructure observation further verified the purity and
integrity of these chloroplasts. Therefore, it is feasible to monitor
chloroplast quality using the fatty acid biomarkers, which are
specifically localized in distinct subcellular compartments.

Stringent Culture Conditions and
Prompt, Rapid Operations Facilitate

Successful Chloroplast Isolation

Successful isolation of high-quality chloroplasts largely depends
on stringent culture conditions and prompt, rapid operations.
First, there are two vital points regarding the culture conditions.
It is important to maintain a uniform culture through cyclic and
stable subcultures in flasks and PBRs along with a synchronous
light cycle, which can further facilitate uniform application
during stress cultivation. Note that the degree of stress is equally
critical for successful isolation, including the induction time,
light intensity, inoculation density and other stress factors. It
is critical to initially optimize the degree of stress, as excessive
stress treatment can cause the cells to rupture more completely,
thus making it more difficult to obtain intact chloroplasts.
Second, the entire procedure of chloroplast isolation should
be conducted quickly, consecutively and promptly. Once the
concentrated cells are disrupted, any unnecessary delays can lead
to distinct aggregation, which can lead to clump formation and
disruption of the Percoll gradient, hindering the correct loading
of subfractions into the corresponding gradient. It is also vital to
resuspending the pellet gently and thoroughly using a fine paint
brush. Insufficient resuspension is likely to result in aggregates,
which can also prevent successful isolation.

CONCLUSION

In this study, starting with a 500 ml culture containing 10 mg
Chl, stressed chloroplasts with 48 — 300 g Chl were successfully
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The proton gradient established by the pH difference across a biological membrane
is essential for many physiological processes, including ATP synthesis and ion and
metabolite transport. Currently, ionophores are used to study proton gradients, and
determine their importance to biological functions of interest. Because of the lack of an
easy method for monitoring the proton gradient across the inner envelope membrane
of chloroplasts (ApHeny), whether the concentration of ionophores used can effectively
abolish the ApHeny is Not proven for most experiments. To overcome this hindrance,
we tried to setup an easy method for real-time monitoring of the stromal pH in buffered,
isolated chloroplasts by using fluorescent pH probes; using this method the ApHegny can
be calculated by subtracting the buffer pH from the measured stromal pH. When three
fluorescent dyes, BCECF-AM [2/,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
acetoxymethyl ester], CFDA-SE [5(6)-Carboxyfluorescein diacetate succinimidyl ester]
and SNARF-1 carboxylic acid acetate succinimidyl ester were incubated with isolated
chloroplasts, BCECF-AM and CFDA-SE, but not the ester-formed SNARF-1 were taken
up by chloroplasts and digested with esterase to release high levels of fluorescence.
According to its relatively higher pKa value (6.98, near the physiological pH of the
stroma), BCECF was chosen for further development. Due to shielding of the excitation
and emission lights by chloroplast pigments, the ratiometric fluorescence of BCECF was
highly dependent on the concentration of chloroplasts. By using a fixed concentration
of chloroplasts, a highly correlated standard curve of pH to the BCECF ratiometric
fluorescence with an r-square value of 0.98 was obtained, indicating the reliability of this
method. Consistent with previous reports, the light-dependent formation of ApHgny can
be detected ranging from 0.15 to 0.33 pH units upon illumination. The concentration
of the ionophore nigericin required to collapse the ApHen was then studied. The
establishment of a non-destructive method of monitoring the stromal pH will be valuable
for studying the roles of the ApHgny in chloroplast physiology.

Keywords: BCECF, chloroplast, fluorescent pH probe, nigericin, proton gradient, ionophore
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Measurement of Chloroplast Stromal pH

INTRODUCTION

Proton (HT) gradients across biological membranes provide
the driving force for ATP synthesis and for secondary active
transport of solutes between cellular compartments, which
maintain different pHs for optimal biochemical reactions (Reid
et al, 1966; Avron, 1977; Shingles et al, 1996; Cruz et al,
2001; Neuhaus and Trentmann, 2014; Hohner et al., 2016). The
measurement of the pH of different subcellular compartments
is essential for determining the proton gradient across the
membranes. Many methods have been developed to trace cellular
and organelle pHs, including weak-acid/base indicators, nuclear
magnetic resonance, pH microelectrodes, pH-sensitive dyes, and
fluorescent probes and proteins (Iles, 1981; Loiselle and Casey,
2010). All methods currently used for measuring intracellular
pH have their own advantages and technical limitations.
Among them, fluorescent pH probes are a cost-effective and
non-destructive way to determine the pH of intracellular
compartments by spectrometric or image fluorescence, and are
widely used in many organisms for real-time monitoring of
intracellular pH (Grant and Acosta, 1997; Scott and Allen,
1999; Alvarez-Leefmans et al., 2006; Loiselle and Casey, 2010;
Sundaresan et al., 2015).

In plant cells, the optimal cytoplasm pH for physiological
activities is a neutral pH of around 7.2 to 7.4; the apoplast
and vacuole have acidic pH ranging from 5 to 7; the thylakoid
lumen has a more dynamic and highly acidic environment
that changes with light/dark cycles. The mitochondrial matrix
and chloroplast stroma need to keep a relatively basic
environment around pH 8 for optimization of biochemical
reactions occurring in these two compartments (Shen et al., 2013;
Hohner et al,, 2016). Consequently, proton gradients are formed
across the membranes separating different compartments,
and are maintained by H'-transporting electron transfer
chain (photosynthetic light reaction and respiratory oxidative
phosphorylation) or by HT-pumping fueled by ATP or
pyrophosphate hydrolysis (H-ATPase or H -pyrophosphatase)
(Kurkdjian and Guern, 1989).

Methods for determining the pH of most cellular and
organelle compartments are well established and are used to
assess the importance of pH and proton gradients for particular
biological functions. However, to date, an easy and reliable
method for real-time monitoring of the chloroplast stromal pH
is still lacking. It is widely accepted that the stromal pH can
increase from pH 7 in the dark to pH 8 upon illumination,
which is required to fully activate the enzymes for carbon fixation
(Berkowitz and Wu, 1993). Upon illumination, a proton gradient
of 0.12-0.36 pH units across the inner envelope membrane
(ApHepy) can be formed in isolated chloroplasts. The value
can be determined with a destructive method called silicon
oil microcentrifugation by monitoring the distribution of the
radioactive weak acid [*C]-5-5'-dimethyloxazolidine-2,4-dione
across the chloroplast envelope (Heldt et al., 1973; Robinson,
1985; Wu and Berkowitz, 1992; Heiber et al., 1995).

Additionally, ionophores such as nigericin and carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) can be used to
collapse the proton gradients for the assessment of the

importance of the proton gradients on membrane activity (Nishio
and Whitmarsh, 1991). The concentrations of ionophores
required to diminish a particular membrane proton gradient
need to be determined empirically because different membrane
systems have different lipid compositions, H"-translocating
machinery and microenvironments to respond to the action of
ionophores (Kasianowicz et al., 1984). Owing to the difficulty
and technical limitations, chloroplast stromal pH is rarely
determined experimentally. Instead, the levels of ionophores
routinely used in other membrane systems are adopted directly
without demonstrating the ionophores’ ability to completely
collapse the proton gradient.

Here we report the development of an easy and reliable
method for continuous and real-time monitoring of the stromal
pH using a ratiometric fluorescent pH probe, BCECF [2/,7'-bis-
(2-carboxyethyl)-5-(and-6)-carboxyfluorescein]. Compared to
the traditional destructive silicon oil filtration technique, the
advantages of our method are that it is easy, cost-effective and
non-destructive, and can be used in real-time. It is, therefore,
ideal for conducting continuous measurements in live organelles.

MATERIALS AND METHODS

Reconstruction of a Fluorescence
Spectrometer to Add Compatible Actinic
Light

The commercial fluorescence spectrometer model FP-8300
equipped with an ETC-815 thermostat cuvette holder with stirrer
and CSP-829 sample compartment lid with syringe port was
purchased from Jasco International, Japan. To measure the
light-dependent behavior of chloroplasts after fluorescent dye
uptake, the introduction of a compatible actinic light is required.
A red LED actinic light (0.5 Watts, peaking at 628 nm, emission
spectrum shown in Supplementary Figure S1) was delivered 180°
from the excitation beam and 90° from the emission detector. To
eliminate the interference of strong actinic illumination on the
excitation photons, a 550 nm Techspec Shortpass Filter (Edmund
Optics, United States) was placed in front of the entrance hole of
a cuvette holder. The overall light-path design, module assembly
and machine validation are described in detail in the section
“Results.”

Plant Materials and Chloroplast Isolation

Pea chloroplasts were isolated from 8- to 10-day-old pea seedlings
grown on vermiculite in a growth chamber at 22°C under a
light intensity of 200 pumol/m?/s. A continuous Percoll gradient
was prepared by mixing half volume of Percoll reagent (GE
Healthcare) and half volume of 2x grinding (GR) buffer, and
by centrifuging at 38,000 x g for 30 min in a fixed angle rotor
(RA20A2 rotor, Himac CR22G2; Hitachi Koki, Tokyo). A 1x GR
buffer containing 50 mM Hepes-KOH pH 7.3, 330 mM sorbitol,
1 mM MgCl,, 1 mM MnCl,, 2 mM EDTA, and 0.1% BSA. About
20 g of young shoots was ground in a blender at low speed for 15,
three times in GR buffer and spun at 3,000 x g for 3 min, and the
pelleted chloroplasts were resuspended in 2 to 3 ml of GR buffer,
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then centrifuged on a preformed continuous Percoll gradient for
organelle fractionation at 3,900 x g for 13 min at 4°C (SX4250
Swinging-Bucket Rotor, Beckman Coulter, United States). The
intact chloroplast fraction near the bottom of the tube was
retrieved, put in a new tube and washed with GR buffer twice.
Finally, isolated chloroplasts were resuspended in GR buffer at a
concentration of 1 mg/ml chlorophyll, and stored on ice in the
dark until use.

Uptake and Digestion of Esterified

Fluorescent pH Probes

To determine the intracellular or intra-organellar pH by
fluorescent pH probes, generally, their non-fluorescent and
membrane permeable esterified forms are incubated with cells
or organelles. After loading into the cells or organelles, their
ester bonds are digested by endogenous esterase to release
fluorescent free forms that are not membrane permeable. For our
experiments, three commonly used pH indicators BCECF (pKa
~6.98), CFDA [5(6)-carboxyfluorescein diacetate; pKa ~6.5]
and SNARF-1 (seminaphthorhodafluors; pKa ~7.5) were tested.
Their uptake ability and digestibility were evaluated by feeding
isolated chloroplasts of 0.5 mg/ml chlorophyll with their ester
derivatives BCECF-AM (acetoxymethyl ester) (B1170, Molecular
Probes), CFDA-SE (N-succinimidyl ester) (Cat#21888, Sigma)
and SNARF-1 carboxylic acid acetate succinimidyl ester (522801,
Molecular Probes), respectively, at concentrations of 20, 80, and
80 wM, for 20 min at RT and then 10 min on ice. Thereafter, intact
chloroplasts were re-isolated by a 40% Percoll cushion, washed
once with GR buffer and checked by a fluorescence spectrometer
(FP-8300, Jasco, Japan) or a laser confocal microscope (LSM710,
Zeiss, Germany). Parameters used are described in the figure
legends. To determine the sub-organellar distribution of BCECE,
intact chloroplasts were lysed in hypotonic buffer containing
50 mM Hepes-KOH pH 8.0, 50 mM NaCl and 4 mM MgCl,
on ice for 3 min. The lysed chloroplasts were centrifuged at
3,000 x g for 3 min to separate the stromal fraction (supernatant)
and the thylakoid lumen-containing membrane fraction (pellet).
The resultant pellet was washed once with hypotonic buffer and
centrifuged again. Two supernatant fractions were combined
and clarified with centrifugation at 7,500 x g for 5 min.
Two pellet fractions were resuspended in hypotonic buffer and
combined. The BCECF signal was measured by the fluorescence
spectrometer. An equal amount of chloroplasts that had not
been incubated with BCECF was added to the stromal fraction
to equalize the chlorophyll background with the pellet fraction
before measurement.

Establishment of the pH-Fluorescence
Correlation Standard Curve and

Measurements of Proton Gradients

Stromal pH measurements with BCECF are made by determining
the ratio of emission intensity at 535 nm when the dye is
excited at 490 nm (pH-dependent) vs. when the dye is excited at
440 nm (pH-independent isosbestic point). In situ measurements
of BCECF ratiometric fluorescence was conducted in 50 mM
Hepes-Tris buffer of pH 6.8, 7.2, 7.6 and 8.0 containing 330 mM

sorbitol, 15 mM KCl and 1 wM nigericin (N7143, Sigma). For
each measurement, the fluorescence of chloroplasts of the same
concentration without BCECF was measured as a background.
The ratio of the fluorescence intensity is a sigmoidal function
of the [H'] between pH 4 and 9 with an essentially linear
mid region from pH 6 to 8 (James-Kracke, 1992). To simplify
the conversion of ratio-metric fluorescence intensity to the
stromal pH, the standard curve was established with simple linear
regression.

Optimizing the Measurement Parameters
of the Fluorimeter for Continuous
Reading

Chloroplasts are very sensitive to light. Even in dim light,
a photosynthetic light reaction may be triggered. The
9-Amionoacridine (9-AA) fluorescence quenching is routinely
used to determine of the formation of a proton gradient across
the thylakoid membrane (Athhy) upon illumination (Evron
and McCarty, 2000; Theg and Tom, 2011). Here we optimized
the measurement parameters (including excitation beam
width and data reading interval) of the FP-8300 fluorescence
spectrometer by determining the effect of measuring light
on 9-AA fluorescence quenching. One milliliter chloroplast
suspension of 0.1 mg/ml chlorophyll in GR buffer containing
5 WM 9-AA and 20 pM methyl viologen (as an electron acceptor)
was mixed continuously in 1-ml stirred quartz cuvette at 25°C.
The 9-AA fluorescence was monitored at 455 nm emission
wavelength while it was excited at 400 nm. Fluorescence of
the chloroplast suspension without the addition of 9-AA was
measured as background.

Real-Time Monitoring of the Light
Dependent Increase in Stromal pH and

the Effect of Nigericin on Collapsing the
ApHeny

To verify that our method can be used for continuous and
real-time monitoring of the stromal pH in live chloroplasts,
the fluctuation of the stromal pH upon illumination was
determined continuously. One milliliter of BCECF-loaded
chloroplast suspension of 0.1 mg/ml chlorophyll in GR buffer
containing 5 mM NaHCO3, 0.25 mM NaH,;POy, 1,000 units
of catalase (as a scavenger of H,O, produced in the light
to protect chloroplasts from damage) was mixed continuously
in 1-ml stirred quartz cuvette at 25°C. After a few minutes
pre-equilibration, the ratiometric fluorescence of F490/440 was
determined as described above. Red actinic light was delivered
during 180-420 s in an 800-s time period. The fluorescence
of the chloroplast suspension without BCECF was determined
as background to normalize the reads. The data was collected
every 5 s and the excitation shutter was opened only when the
data were being collected. To test whether nigericin can collapse
the light-dependent formation of the ApHepy, 5 pl of 0.2 mM
nigericin was injected into the illuminated chloroplast suspension
to make a final concentration at 1 WM through the syringe pore
of CSP-829 sample compartment lid.
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RESULTS

Light-Path Design for the Introduction of
Actinic Light

To measure the light-dependent pH change in isolated
chloroplasts, we modified a commercial fluorescence
spectrometer to add actinic light. The light-path arrangement
is shown in Figure 1A. A LED actinic light (4 chip Piranha
red LED module, peaks at 628 nm, 0.5 Watts) was placed 180°
from the excitation beam and 90° from the emission detector.
To eliminate the interference of strong actinic illumination on
the excitation photons, a 550 nm Techspec Shortpass Filter
(Edmund Optics, United States) was placed in the front of the
entrance hole of the cuvette holder. Side-by-side comparison
of the interference of the actinic light on the dye fluorescence

with or without the shortpass filter was conducted to validate
our setup. As shown in Figures 1B,C, the emitted fluorescence
intensities of BCECF and 9-Amionoacridine (9-AA) dropped
significantly upon illumination without the use of a 550 nm
shortpass filter. After the attachment of the shortpass filter, the
phenomenon was totally eliminated. It should be noted that
there was a 4-5% reduction in the fluorescence intensity when
the shortpass filter was added because the coated filter has about
95-96% transmission efficacy.

Uptake of Fluorescent pH Probes by

Isolated Chloroplasts

We next incubated isolated pea chloroplasts with three esterified
pH-sensitive fluorescent probes, BCECF-AM, CFDA-SE,
and SNARF-1 carboxylic acid acetate succinimidyl ester.

——p» passed

reflected
=P measuring light
=P actinic light

—— F490 without filter

B

2 ——  F490 with filter

E

_Q.4°° — ™M™/ r—

S

8350 | i ’ \ ’ \ '

Q

(%)

< 300

8 1

B 150 N s

5 / —

2 1(5)3/ ——  F440 without filter

w dark  light = F440 with filter

(5]

w0

8 0 30 60 90 120 150 180 210 240
Time (s)

sample

A cm‘l)ette

nas!
filter
LED actinic light
(- (red 628 nm)
excitation 2
Xe lamp monochromator

emission

monochromator

550 nm shortpass filter N
N\

FIGURE 1 | Fluorescence spectrometer modification and validation. (A) lllustration of the light-path and module assembly for the introduction of actinic light for
measuring the light-dependent behavior of chloroplasts. Attachment of a 5560 nm shortpass filter in the front of the cuvette facing the excitation beam is critical for
reducing the interference of strong actinic light on excitation photons. Measurements of BCECF (B) and 9-AA (C) fluorescence showed that the use of the 550 nm
shortpass filter can eliminate the interference of actinic light on the excitation photons. Without the 550 nm shortpass filter, the emitted fluorescence of BCECF and
9-AA dropped upon illumination. After adding the shortpass filter the emitted fluorescence became constant.

photo-detector

»
(4]
(=3
o
1

C

E — without filter

g —  with filter

-8 4000 |

S

(]

§ 3500 |-

: |

7]

2 3000} L’J

S s004

=

g dark . light

L 9 — I I
o 0 30 60 90 120 150 180 210 240

Time (s)

Frontiers in Plant Science | www.frontiersin.org

244 December 2017 | Volume 8 | Article 2079


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Su and Lai

Measurement of Chloroplast Stromal pH

A C

g 10000 EX/Em= 440535 nm ¢, 100}

= - o = T

g Ex/Em=490/535 nm 5 = stroma o

5 1000 ExEm=488/580nm g 80F == lumen/pellet

= Ex/Em=488/640 nm @

© =

= g 60

g 100 =

[ 40}

g M H 2 20

3 4

i B 1 =

BCECF CFDA SNARF-1 440 nm 490 nm
pH probes Excitation wavelength
chlorophyli
B dye fluorescence fluorescence bright field superimposed
BCECFI
CFDA
unloaded
control
(Tu‘m

FIGURE 2 | Uptake and digestion of fluorescent pH dyes by isolated chloroplasts. (A) Fluorescence of the dye-loaded chloroplasts of 0.1 mg/ml chlorophyll was
measured by a fluorescence spectrometer. For BCECF and CFDA, emission at 535 nm was detected when the dyes were excited at 440 and 490 nm. For SNARF-1,
emission at 580 and 640 nm was detected when the dye was excited at 488 nm. (B) BCECF- and CFDA-loaded chloroplasts were visualized with Plan-Apochromat
63x oil (NAT1.4) objective by Zeiss LSM710 laser confocal microscopy. When chloroplasts were excited with Argon laser at 488 nm, the fluorescence emitted at
515-555, 510-540, and 680-797 nm was collected by Quasar spectral detector as BCECF, CFDA, and chlorophyll fluorescence signals, respectively. The
percentages of BCECF and CFDA-stained chloroplasts were 84.7 + 4.5 and 83.9 =+ 4, respectively. (C) BCECF-loaded chloroplasts were fractionated into the
stroma and the thylakoid-lumen-containing membrane pellet fractions by centrifuging hypotonically lysed chloroplasts. An equal amount of chloroplasts that had not
been incubated with BCECF was added to the stroma-containing supernatant to equalize the chlorophyll background before measurements. Percentage of BCECF
fluorescence at 535 nm in each fraction when excited at 440 or 490 nm is presented. Data are means of three biological repeats + SD.

After incubation for 20 min at room temperature and then
10 min on ice, the probe-loaded intact chloroplasts were
re-isolated through a 40% Percoll cushion. If the non-fluorescent
esterified probes could enter the chloroplasts, the probes should
be digested to their fluorescent forms by the endogenous
esterases. The fluorescence of the probes was monitored by the
fluorimeter. Ratiometric measurements are critical to eliminate
distortions of data caused by photobleaching and variations

in probe loading and retention, as well as by instrumental
factors such as illumination stability (O’Connor and Silver,
2007; Han and Burgess, 2010). Dual fluorescence values, one
for pH-sensitive wavelengths and the other for pH-insensitive
isosbestic point, have to be detected side-by-side. As shown
in Figure 2A, BCECF-AM and CFDA-SE-fed chloroplasts
produced high levels of fluorescence from the probes, indicating
that the probes were taken up and digested by esterases. Only a
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very low level of SNARF-1 fluorescence can be detected at an
intensity of about 11 and 1.5 arbitrary units at the emission
wavelength at 580 and 640 nm, respectively. This result suggests
that either SNARF-1 carboxylic acid acetate succinimidyl ester
could not be taken up by chloroplasts or could not be digested
by chloroplast esterases. We, therefore, isolated the stromal
fraction from SNARF-1-incubated chloroplasts and found that
a significant level of SNARF-1 fluorescence can be detected in
the chlorophyll-free stromal fraction (Supplementary Figure S2).
This result suggests that SNARF-1 fluorescence was concealed,
possibly because of shielding of the exciting and emitted lights
by pigments in the thylakoid. Particularly, its emitted light
at 640 nm would be strongly re-absorbed by chlorophyll. To
confirm that the fluorescent probes had been taken up by
chloroplasts, fluorescent images of BCECF- and CFDA-loaded
chloroplasts were visualized by laser confocal microscopy.
Their fluorescence signals showed an even distribution inside
the chloroplasts overlapping with the images of chlorophyll
auto-fluorescence (Figure 2B).

Considering its relatively higher pKa value of 6.98 (near
the physiological pH of stroma) and its good intracellular
retention (Han and Burgess, 2010), BCECF was chosen for
further development of real-time monitoring of the stromal
pH. We first checked whether BCECF was also taken up into
the thylakoid lumen, which would interfere with the readout
on determining the stromal pH by the fluorescent probe.
Fractionation of BCECF-loaded chloroplasts demonstrated that
BCECEF fluorescence was almost located in the stroma and was
little found in the thylakoid lumen (Figure 2C). Sub-organellar
distribution of a luminal soluble protein plastocyanin indicated
that the majority of thylakoid lumen was kept intact during
fractionation (Supplementary Figure S3). Taken together, lumen-
resident BCECF may have little interference on pH determining,
but it nearly can be ignored due to its extremely low amount.

Establishment of a pH Standard Curve by
Ratiometric Fluorescence

Measurements

Measurements of pH with BCECF are generally made by
determining the pH-dependent emission intensity ratio
(ratiometric fluorescence) detected at 535 nm when the probe
is excited at 490 nm (pH-dependent) vs. the emission intensity
when the probe is excited at 440 nm (pH-independent isosbestic
point). In situ calibration is performed to first establish a
standard curve representing the correlation between the
ratiometric fluorescence and the pH of the samples under study.
This is important because different cellular compartments have
different microenvironments that will have different effects on
the signal intensity. In chloroplasts, the ratiometric fluorescence
is also tremendously affected by endogenous pigments of
chloroplasts. Not only may the excitation beam be absorbed
by chlorophylls but also the emitted fluorescence may be
absorbed by chlorophyll b and carotenoids owing to overlapping
wavelengths. As shown in Figure 3A, BCECF fluorescence
was highly attenuated in chloroplast suspensions compared to
BCECF in buffer without chloroplasts. The BCECF fluorescence

in chloroplast suspension of 0.1 mg/ml chlorophyll showed
about 260- and 55-fold reductions when BCECF was excited at
440 and 490 nm, respectively. This result suggests that higher
interference occurred at the excitation beam at 440 nm, for
which the chlorophyll has a relatively higher absorbance. To
demonstrate the overall interference of chloroplast pigments
on BCECF fluorescence, the full excitation spectra of BCECF
affected by chloroplast suspensions were determined. It was
shown that the reduction ratio of BCECF signal was highly
dependent on the chlorophyll levels and the chloroplast
absorption spectrum (Supplementary Figures S4A-C). Their
reduction ratio was increased with the increase of the chloroplast
absorbance, supporting that a relative higher reduction of
BCECF signal at 440 nm is resulted from a relative higher
chloroplast absorbance at 440 nm (by comparing with 490 nm).
In addition, as shown in Supplementary Figure S4D, BCECF in
chloroplast suspensions remained the signature of a ratiometric
dye, having the pH-insensitive isosbestic point (at 440 nm)
and the pH-sensitive wavelengths (usually detected at 490 nm).
Without chloroplast pigment interference, the ratiometric
fluorescence of BCECF changed depending on the pH, but
was not affected by its concentration. When we serially diluted
free BCECF in buffer from 1 to 1/8x, a constant ratiometric
fluorescence (F490/F440) value of 5.5 was detected (Figure 3B).
However, the ratiometric value of BCECF-loaded chloroplasts
increased with increasing chloroplast concentration owing to
the interference of chloroplast pigments (Figure 3C), i.e., the
ratiometric fluorescence is highly dependent on the chlorophyll
levels. Therefore in situ calibration should be conducted at a
fixed concentration of chloroplast suspension.

According to this consideration, we conducted the in situ
calibration by measuring the F490/F440 of BCECF from the
chloroplast suspension. Isolated pea chloroplasts were incubated
with BCECF-AM for 20 min at room temperature and then
10 min on ice, and the probe-loaded intact chloroplasts were re-
isolated and resuspended to 0.1 mg/ml chlorophyll in 50 mM
Hepes-Tris buffer of pH 6.8, 7.2, 7.6, or 8.0 and 330 mM sorbitol,
15 mM KCl and 1 M nigericin. Nigericin was added to collapse
all the proton gradients so the pH of chloroplasts was equal to
the pH of the buffer. For each measurement, the fluorescence
of chloroplasts of the same concentration without BCECF was
also measured as a background. As reported previously, the
ratio of the fluorescence intensity is a sigmoidal function of
the [H'] between pH 4 and 9 with an essentially linear mid
region from pH 6 to 8 (James-Kracke, 1992). To simplify the
conversion of ratiometric fluorescence intensity to stromal pH,
the standard curve was established with simple linear regression
instead. As shown in Figure 3D, a coefficient of r-square of 0.98
was obtained, indicating a good correlation between the BCECF
ratiometric fluorescence and the stromal pH and demonstrating
the feasibility of our method.

A Light-Dependent Formation of ApHeny

in Isolated Chloroplasts
Upon illumination, light-dependent electron transfer on the
thylakoid membrane drives the movement of HT from the
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stroma to the thylakoid lumen, which acidifies the luminal
space and alkalizes the stromal compartment, and builds up
not only the ApHy, between the thylakoid lumen and the
stroma, but also the ApHe,y between the stroma and the
cytosol. To test if our fluorescent BCECF method is capable
of measuring the stromal pH in buffered isolated chloroplasts
in real time, the fluctuation of the stromal pH in response to
actinic light was continuously determined. A typical result of
the light-dependent increase in the stromal pH is shown in
Figure 4. The stromal pH increased sharply upon illumination,
and reached a plateau in less than 1 min. The higher pH
was maintained at continuous actinic light, and then declined
gradually after the light was turned off. From three independent
experiments, a light-dependent formation of the ApHeny can
be detected reproducibly and the calculated ApHe,y ranged
from 0.15 to 0.33 pH units, averaging 0.25 pH units (Table 1),
which is comparable with previous reports determined by the
silicon oil microcentrifugation (see Supplementary Table S1).
Furthermore, addition of 1 wM nigericin under continuous
actinic light caused a decline in stromal pH to the level before the
light was turned on (Figure 5), indicating that 1 WM nigericin
under these conditions was sufficient to completely collapse the
ApHeny.

It should be noted that the amount of excitation light at
440 and 490 nm for exciting BCECF should be minimalized as
much as possible to avoid activating the photosynthetic light
reaction. According to the absorption spectra of chlorophylls, the
light wavelengths at 400, 440, and 490 may have a comparable
level of actinic effect on photosynthesis. The 9-AA fluorescence
quenching excited at 400 nm is a sensitive way to determine
the light-dependent formation of the ApHy,,. We therefore
performed the measurement in order to find the best balance
point between good BCECF fluorescence and low photosynthetic
light reaction activation. As shown in Supplementary Figure S5,
a 2.5 nm bandwidth and 5-s data interval had a high level of
9-AA fluorescence while only producing 9-AA quenching of 6%.
Widening the excitation beam bandwidth and shortening the
reading interval resulted in quenching as high as 30%. Therefore,
a good tradeoff was obtained by setting the excitation bandwidth
to 2.5 nm, reading the fluorescence every 5 s for 1 s and opening
the excitation shutter only when reading the data. Under these
conditions there was a good balance between reducing the actinic
effect and keeping a high level of fluorescence; and the actinic
effect can reach an equilibrium in less than 30 s as indicated
by a continuous measurement of 9-AA fluorescence quenching
(Supplementary Figure S5).
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FIGURE 5 | Effect of nigericin on collapsing the light-dependent formation of
the ApHeny. The ratiometric fluorescence of BCECF-loaded chloroplasts of
0.1 mg/ml chlorophyll was continuously measured at 5-s intervals over an
800-s period. The red actinic light was turned on at 180 s. After the formation
of light-dependent ApHeny, nigericin was injected into the chloroplast
suspension with a final concentration of 1 WM at 420 s as indicated by the
arrow. Each red circle represents a datum point.

TABLE 1 | Measured stromal pH (pHstr) and calculated proton gradient across the
inner envelope membranes (ApHeny) Of isolated chloroplasts from three
independent experiments.

Experiment# Dark pHsty Light pHstr pHstr increase  ApHeny in the

upon light
illumination

1 7.30 7.45 0.15 0.15

2 7.32 7.63 0.31 0.33

3 7.34 7.57 0.23 0.27

Mean 7.32 7.55 0.23 0.25

SD 0.02 0.09 0.08 0.09

In all experiments, the stromal pH was determined by the ratiometric fluorescence
of the BCECF-loaded chloroplasts of 0.1 mg/ml chlorophyll in a buffered medium
of pH 7.3. The pHs increase was calculated by substrating the dark pHsy from
the light pHstr. The ApHeny Was calculated by substrating the buffered medium pH
(7.3) from the light pHsty.

DISCUSSION

Intracellular and organellar pHs are easily measured by
fluorescent molecular probes or pH-sensitive fluorescent proteins
with spectrometric or image fluorescence in many organisms
(Sano et al., 2010; Shen et al,, 2013). A plant organelle pH
detection system based on modified pH-sensitive fluorescent
proteins expressed in particular cellular compartments has been
reported for Arabidopsis suspension cells (Shen et al., 2013).
Unfortunately, the pH of the chloroplast stroma could not be
determined because the auto-fluorescence signal of chlorophyll
influenced the emission signal intensity of the pH sensor protein
in light-cultured Arabidopsis PSB-L suspension cells. Plastid
stromal pH could only be determined from PSB-D suspension
cells incubated in the dark. It was shown that the pH value
of the plastid stroma of dark-incubated PSB-D suspension cells
was 7.2, which is near the cytosolic pH (around 7.3). There was

almost no detectable proton gradient across the inner envelope
membrane of plastids under these conditions, probably due to
the fact that the plastids in the suspension-cultured cells were
not fully functional because sugars were provided in the culture
medium (Shen et al., 2013). These results highlight the difficulty
in measuring the stromal pH of green chloroplasts due to the
interference from the chlorophyll fluorescence (Yin et al., 1990;
Shen et al., 2013).

Here we established an easy and reliable method for
real-time monitoring of the stromal pH by the ratiometric
fluorescence measurement of the pH-sensitive dye BCECF in
isolated chloroplasts. The following requirements should be
noted. First, because the absorption spectrum of chlorophylls
overlapped with the BCECF excitation wavelengths of 440
and 490 nm, the excitation energy available to BCECF is
attenuated in chloroplast suspension. Furthermore BCECF
emitted fluorescence may be partially absorbed by chlorophyll
b and carotenoids. Hence the chloroplast concentration in each
sample has to be the same to equalize the interference from the
chloroplast pigments (Figure 3). In addition, standard curves
should be obtained using chloroplasts isolated from plants grown
under the same conditions as the samples being studied because
plants grown under different conditions would have different
pigment compositions. Second, the excitation light bandwidth
and shutter opening and data collection time of the fluorescence
spectrometer should be set to achieve a good tradeoft between
having a sufficient fluorescence signal and minimalizing the
actinic effect of the excitation light on photosynthesis. In our
case, narrowing the bandwidth of the excitation light to 2.5 nm,
and opening the shutter only when reading the data at 5-s time
interval achieved good results with the fluorescence spectrometer
FP-8300 (see Supplementary Figure S5). Third, a short-pass filter
in front of a sample cuvette in the path of the excitation beam
is required when determining the light-dependent pH change
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of chloroplasts. A short-pass filter is essential to eliminate the
interference of the strong actinic light on the excitation beam
(Figure 1). With the above optimization, a BCECF fluorescence
vs. stromal pH standard curve with a high correlation coefficient
(r? = 0.98) was successfully established, indicating the reliability
of our method in measuring the stromal pH in buffered isolated
chloroplasts. Compared to the traditional silicon oil filtration
technique, our method is easy, cost-effective, and non-destructive
and can be conducted in real-time. One of the most difficult parts
of the silicon oil filtration technique is the determination of the
accurate sizes of stromal and thylakoid luminal spaces, which is
not necessary with our method.

It has long been accepted that the cytoplasm and the
chloroplast stroma have a neutral pH close to 7, but upon
illumination the stroma is alkalized up to pH 8 as a consequence
of H-pumping into the thylakoid lumen. This suggests that
a proton gradient between the cytosol and the stroma is
established under light (Hohner et al., 2016). By our method, the
increase of stromal pH upon illumination can be continuously
monitored in real-time (Figure 4), providing a powerful tool for
studying chloroplast physiology. Establishment of the ApHeny
can be routinely detected upon illumination. The value is about
0.15-0.33 pH units, which is comparable with previous reports
determined by the silicon oil filtration method (Heldt et al.,
1973; Wu and Berkowitz, 1992; Heiber et al., 1995). It should be
noted that our non-destructive method provides more detailed
information than the single-point silicon oil filtration technique.
The decline in the stromal pH after turning off the actinic light
was gradual and took few minutes, implying the existence of
an intricate buffering system that controls the homeostasis of
stromal pH. The pH decline does not seem to depend solely
on the H" -transportation on the thylakoid membrane, since the
light-dependent 9-AA quenching (representing the ApHy,,) is
always recovered quite fast (Koster and Heber, 1982; Theg and
Tom, 2011).
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Photosystem |l reaction center (PSIl RC) and light-harvesting complex inevitably
generate highly reactive singlet oxygen ('0,) that can impose photo-oxidative damage,
especially when the rate of generation exceeds the rate of detoxification. Besides being
toxic, 'O, has also been ascribed to trigger retrograde signaling, which leads to nuclear
gene expression changes. Two distinctive molecular components appear to regulate
105 signaling: a volatile signaling molecule B-cyclocitral (8-CC) generated upon oxidation
of B-carotene by 'O, in PSIl RC assembled in grana core, and a thylakoid membrane-
bound FtsH2 metalloprotease that promotes 'Os,-triggered signaling through the
proteolysis of EXECUTER1 (EX1) proteins associated with PSIl in grana margin. The role
of FtsH2 protease in 10, signaling was established recently in the conditional fluorescent
(flu) mutant of Arabidopsis thaliana that generates 'O, upon dark-to-light shift. The fiu
mutant lacking functional FtsH2 significantly impairs 'O,-triggered and EX1-mediated
cell death. In the present study, the role of FtsH2 in the induction of 'O, signaling was
further clarified by analyzing the FtsH2-dependent nuclear gene expression changes
in the flu mutant. Genome-wide transcriptome analysis showed that the inactivation
of FtsH2 repressed the majority (85%) of the EX1-dependent 'O,-responsive genes
(SORGs), providing direct connection between FtsH2-mediated EX1 degradation and
10,-triggered gene expression changes. Furthermore, the overlap between p-CC-
induced genes and EX1-FtsH2-dependent genes was very limited, further supporting
the coexistence of two distinctive 'O, signaling pathways.

Keywords: 10,, retrograde signaling, EXECUTER 1, FtsH2 protease, g-carotene, p-cyclocitral, chloroplast

BACKGROUND

Under a multitude of environmental factors, altered levels of reactive oxygen species (ROS)
in chloroplasts, which have long been implicated with damaging of macromolecules, appear to
trigger certain signaling cascades leading to nuclear gene expression changes via a process known
as retrograde signaling (Apel and Hirt, 2004). The transcriptional reprogramming seems to be
essential for plants to sustain and adapt to the environmental changes. Among various ROS,
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chloroplasts generate 'O, during oxygenic photosynthesis at
the active PSII RC residing in the grana core (appressed grana
region) of the thylakoids (Triantaphylides et al., 2008). In order
to minimize the photo-oxidative damage caused by !O,, plants
utilize molecular components residing in PSII RC, such as
B-carotene and D1 protein, to quench !0, (Triantaphylides et al.,
2008). Oxidation of D1 protein leads to PSII damage, which
subsequently undergoes disassembly and reassembly processes
through the proteolysis of the damaged D1 proteins by ATP-
dependent hexameric FtsH metalloprotease and the concurrent
de novo synthesis of D1 proteins, respectively (Kato and
Sakamoto, 2009; Kato et al., 2012).

10, has also been reported to trigger chloroplast-to-nucleus
retrograde signaling, which is manifested by altered nuclear gene
expression, acclimation response and programmed cell death
(PCD) (op den Camp et al., 2003; Wagner et al., 2004; Lee et al,,
2007; Kim et al., 2008, 2012; Ramel et al., 2012, 2013; Wang
et al., 2016). Because 1O, has an extremely short lifespan (~200
ns) in a cellular environment (Li et al., 2012; Telfer, 2014), it is
unlikely to serve as a signaling molecule. Therefore, chloroplasts
may contain 10, sensor(s) to translate the levels of 1O, either
by self-oxidation or by monitoring the oxidation of other
molecule(s), to subsequent changes in cellular processes. As 10,
is generated in PSIL, it is reasonable to assume that 'O, sensor
might be physically associated with PSII. Accordingly, the PSII
components, such as D1 protein and p-carotene have long been
supposed to act as primary scavengers of 'O, (Triantaphylides
and Havaux, 2009). Even though the degradation product of D1
has been shown to control the synthesis of D1 in cyanobacteria
(Stelljes and Koenig, 2007), there is no evidence to support that
the degradation product of D1 acts as a signaling molecule in
plants.

In contrast, strong evidence has been found to support
that B-carotene, a primary quencher of 'O, and a constituent
of PSII RC, is a 'O, sensor. B-cyclocitral (B-CC), a volatile
oxidized derivatives of B-carotene, has been found to act as a
signaling molecule in Arabidopsis wild-type plants exposed to
excess light stress (Ramel et al., 2013). Moreover, plants treated
with B-CC upregulate a set of 1O,-responsive genes (SORGs)
(Ramel et al., 2012) identified previously using conditional
Arabidopsis flu mutant generating 'O, upon dark-to-light shift
(op den Camp et al, 2003). In addition, 3-CC has also been
implicated with the acclimation responses in chlorina 1 (chl)
mutant lacking light-harvesting complex (LHC) of PSII, in
which the level of !0, under light stress was escalated (Ramel
et al., 2013). Although the volatile can diffuse freely into
the nucleus, the molecular mechanism underlying the p-CC-
mediated transcriptional reprogramming is largely unknown.
Nonetheless, the earlier genetic screen using the unicellular green
alga Chlamydomonas reinhardtii uncovered Methylene Blue
Sensitivity 1 (MBS1), a small Zinc finger protein, as a mediator
of 10, signaling (Shao et al., 2013). While the MBSI protein is
present in both cytosol and nucleus under normal conditions,
it concentrates in specific stress granules and processing bodies
under oxidative stress (Shao et al., 2013). A recent study revealed
that MBS1 was upregulated in wild-type Arabidopsis plants
under B-CC treatment even in normal light conditions, which led

to gene expression changes for photo-acclimation (Shumbe et al.,
2017). However, a further study is needed to show whether MBS1
can directly bind to DNA or requires other mediators to alter the
nuclear gene expression.

Another distinct 'O, signaling has been identified earlier
in Arabidopsis flu mutant (op den Camp et al, 2003). In
the dark, FLU protein acts as a negative feedback regulator
of tetrapyrrole synthesis in Mg?*-branch. As the reduction
of protochlorophyllide (Pchlide) to chlorophyllide is catalyzed
by light-dependent enzyme protochlorophyllide oxidoreductase
(POR), the flu mutant overaccumulates Pchlide in the dark.
As a potent photosensitizer, the accumulated Pchlide upon
illumination absorbs light energy and subsequently transfers the
absorbed light energy to stable molecular oxygen, resulting in the
formation of highly reactive 1O, in chloroplasts (Meskauskiene
etal., 2001). The flu mutant, therefore, offers a conditional system
that allows generating 'O, in a controlled and non-invasive
manner (op den Camp et al., 2003). Various studies using the fTu
mutant revealed that the chloroplast-generated 'O, can induce
the nuclear gene expression changes and PCD (op den Camp
et al., 2003; Lee et al., 2007). The previous genetic screen using
flu mutant has revealed that nuclear-encoded and chloroplast-
targeted protein EX1 mediates the !O;-triggered stress responses
(Wagner et al., 2004). Inactivation of EX1 significantly abolishes
the 10,-induced cell death and nuclear gene expression changes
in flu mutant (Wagner et al., 2004; Lee et al., 2007). Besides
EX1, its close homolog EXECUTER2 (EX2) has also been
implicated with mediating 'O, signaling. While inactivation of
EX1 significantly attenuates the SORGs, inactivation of both EX1
and EX2 leads to almost complete repression of SORGs (Lee et al.,
2007). In addition, EX1 and EX2 also appear to regulate the local
and systemic gene expression changes in response to high light
stress (Carmody et al., 2016).

Initially, it was contemplated that the two signaling cascades
might be dependent on each other. However, in chl mutant
the p-CC was found to relay the signal under photoinhibitory
conditions in an EX1-independent manner (Ramel et al., 2012),
implying that the two signaling cascades might be independent.
Considering that both signaling events are instigated from PSII,
it is obscure how these two signaling events are triggered
independently. This seeming paradox was resolved in our recent
study in which EX1 proteins were found mainly in ‘grana margin’
where the repair of PSII and the chlorophyll synthesis happen,
implying that EX1-mediated 10, signaling is initiated in grana
margin rather than the grana core (Wang et al,, 2016). The
study has also shown that light-adapted flu plants accumulated
Pchlide in the dark almost evenly in different fractions across
the thylakoid membrane, such as grana core, grana margin,
and stroma lamellae (Wang et al, 2016). Given that exI/flu
abrogates the 10,-triggered stress responses including growth
inhibition and cell death, 'O, generated in either grana core or
stroma lamellae may not irreversibly damage the photosynthetic
apparatus.

Protein immunoprecipitation (IP) coupled with mass
spectrometry (MS) unveiled a group of proteins potentially
forming the EXECUTER complex in grana margin, including
enzymes involved in chlorophyll biosynthesis, PSII RC proteins
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