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a b s t r a c t

In a search for natural herbicides, we investigated the action mechanism of the naphthoquinone spiroke-
tals, isolated from the endophytic fungus Edenia gomezpompae: preussomerins EG1 (1) and EG4 (2), and
palmarumycins CP17 (3), and CP2 (4) on the photosynthesis light reactions. The naphthoquinone spiroke-
tals 1–4 inhibited the ATP synthesis in freshly lysed spinach thylakoids from water to MV, and they also
inhibited the non-cyclic electron transport in the basal, phosphorylating and uncoupled conditions from
water to MV. Therefore, they act as Hill reaction inhibitors. The results suggested that naphthoquinone
spiroketals 1–4 have two interactions and inhibition site on the PSII electron transport chain. The first
one involves the water splitting enzyme inhibition; and, the second on the acceptor site of PSII in a
similar way that herbicide Diuron, studied by polaroghaphy and corroborated by fluorescence of the chlo-
rophyll a of PSII. The culture medium and mycelium organic extracts from four morphological variants of
E. gomezpompae were phytotoxic, and the culture medium extracts were more potent than mycelium
extracts. They also act as Hill reaction inhibitors.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Endophytes are microorganisms that colonise and cause asymp-
tomatic infections in healthy plant tissues for their entire life cycle
or for, at least, a significant part of the latter [1,2]. These fungi have
adapted to their microenvironments that are as diverse as the
number of plant species in the planet [3]. Some of these, while pro-
tecting their plant host from the external environment, live in an
extremely competitive microenvironment in which they must con-
tend for food and space against other endophytic microbes and
potential plant pathogens; and, concomitantly struggle against
chemical defenses from their plant host. These biotic interactions
within plant tissues are the driving force of the constant and
exhaustive chemical innovation that endophytes have developed
during evolution [4]. Particularly, endophytic fungi provide bene-
fits to their hosts including improved drought tolerance, protection
against pathogens enhanced growth and defense against herbivory
[5–11]. On the other hand, endophytic fungi produce phytotoxic
compounds that help them colonize their host plants [12] and thus,
they could be used for weed control. These features, and their enor-
mous diversity [13,14], permit to consider endophytic fungi as
sources of potentially interesting metabolites that exhibit potential
applications in agriculture, as antifungals, antibacterials, insecti-
cides, nematicides, herbicidal, among others [15–19]. A strikingly
high proportion of endophytic fungi (�80%) produce biologically
active compounds in tests for antibacterial, fungicidal and herbi-
cidal activities [12,17].

In spite of plants colonized by endophytic fungi not exhibiting
overt disease symptoms of the fungal isolates from healthy plants,
high percentage of endophytic fungi (�43%) expressed herbicidal
activities [12,17]. Since the secondary metabolites isolated from
endophytic fungi belong to diverse chemically compounds struc-
tural groups, the herbicidal activity is not due to one or more
metabolites common to all of these microorganisms [17]. The her-
bicidal mycotoxins may play an important ecological role, inhibit-
ing photosynthesis or increasing membrane permeability to
improve apoplastic uptake of sugars [20–23]. For this reason, the
phytotoxic fungal metabolite may be used in agriculture. These
compounds can interact through different physiological process
or enzyme site, such as, growth regulators, amino acid synthesis
inhibitors, lipid synthesis inhibitors, carotenoid synthesis, seedling
growth inhibitors, photosynthesis inhibitors, cell division
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inhibitors, cell membrane disrupters, cellulose synthesis, folate
synthesis and pigment inhibitors, among others, affecting normal
plant growth and development [24].

In our continuing search for new herbicidal lead structures from
natural sources, we have recently reported the isolation and struc-
ture elucidation of several phytotoxins from the mycelium and cul-
ture broth of the endophytic fungus Edenia gomezpompae
(Pleosporaceae), isolated from Callicarpa acuminata (Verbenaceae)
[25]. The phytotoxins included several naphthoquinone spiroketals
derivatives [26,27]. In addition, the phytotoxic properties of the
culture medium and mycelium organic extracts from four morpho-
logical variants of E. gomezpompae were tested. In general, organic
extracts and natural compounds showed significant phytotoxic
effect on seed germination, root elongation, and seedling
respiration of two weed dicotyledonous species Amaranthus
hypochondriacus and Solanum lycopersicum, and one monocotyle-
donous plant Echinochloa crus-galli. The germination and root elon-
gation were the most potent processes inhibited by the organic
extracts and natural compounds than seedling respiration. The
organic extracts and naphthoquinone spiroketals also showed a
moderate inhibition effect on intact mitochondria respiration
[27]. In view of these findings, we carried out extensive studies
in order to better understand the mechanism of action associated
with phytotoxic effects of organic extracts from four morphological
variants of E. gomezpompae; and, selected phytotoxins produced by
E. gomezpompae, such as preussomerins EG1 (1) and EG4 (2) and
palmarumycins CP17 (3) and CP2 (4) (Fig. 1). These compounds
were selected, due to their inhibitory effect on oxygen consump-
tion on intact mitochondria. The research was conducted on the
different phases of the photosynthesis light reaction. The investi-
gated activities included ATP synthesis, electron transport rate
basal, phosphorylating and uncoupled and partial reactions of the
PSI and PSII, as well as, Chl a fluorescence of PSII measurements.
2. Materials and methods

2.1. Tested materials

The phytotoxic compounds tested included preussomerins EG1

(1) and EG4 (2) and palmarumycins CP17 (3) and CP2 (4) (Fig. 1).
Naphthoquinone spiroketals were isolated from the fungus E.
gomezpompae as previously described [26,27]. The phytotoxic cul-
ture medium (Med) and mycelium extract (Myc), from four mor-
phological variants of E. gomezpompae, were also obtained as
previously described [27]. Stock solutions used for polarography
and fluorescence assays of culture medium and mycelium extract
as well as pure compounds, were prepared using DMSO (dimethyl
Fig. 1. Structures of phytotoxic compounds isolated
sulfoxide) as solvent and its maximum concentration in the
medium was less than 0.5%.

2.2. Chloroplast isolation and chlorophyll determination

Intact chloroplasts were isolated from market spinach leaves
(Spinacea oleracea) in the dark conditions and at 4 �C as reported
[28,29]. Chloroplasts were re-suspended in a small volume of the
following solution: 400 mM sucrose, 5 mM MgCl2, 10 Mm KCl,
and 30 mM N-Tris[hydroxymethyl)methyl]glycine, (tricine) pH
8.0, with KOH addition. Chloroplasts were stored as a concentrated
suspension in the dark at 4 �C. In these conditions they are stable
for 8–12 h. The chlorophyll (Chl) concentration was measured
according to Strain et al. [30].

2.3. ATP synthesis

Intact chloroplasts (20 lg of Chl/mL) were broken before each
assay by osmotic rupture in a solution (3 mL) containing:
100 mM sorbitol, 10 mM KCl, 5 mM MgCl2, 0.5 mM KCN, 1 mM tri-
cine–KOH at pH 8.0, in the presence of 50 lM methylviologen
(MV), and 1 mM adenosine diphosphate (ADP) at pH 6.5. The pH
was adjusted to 8.0 with 50 mM KOH, and ATP synthesis was titri-
metrically determined using a microelectrode (Orion Mod. 8103
Ross) connected to a potentiometer (Corning Medical, model 12,
Acton, MA, USA) with an expanded scale and a Gilson recorder
(Kipp & Zonen, Bohemia, NY, USA). Alkalization rates were mea-
sured in the linear part during illumination. The reaction was
calibrated by back titration with saturated HCl. The reaction
started when turning the light on in the presence of chloroplasts
(20 lg of chlorophyll per mL) [29,31]. The extracts were tested in
the concentration range 6.25–200 lg/mL and the pure compounds
in the concentration range 12.5–200 lg/mL.

2.4. Electron transport rates

Determination of the light-induced non-cyclic electron trans-
port from water to MV (methylviologen) was performed using a
Clark type electrode connected to a YSI 2300 biological oxygen
monitor [32,33]. Basal non-cyclic electron transport was measured
in the absence of uncoupled agent (NH4Cl); and, chemicals
required for phosphorylation (ADP (adenosine diphosphate) and
KH2PO4) by illuminating chloroplasts (20 lg Chl/mL) during
1 min in 3 mL of medium containing 100 mM sorbitol, 10 mM
KCl, 5 mM MgCl2, 0.5 mM KCN, 50 lM MV, and 15 mM tricine–
KOH (pH 8.0), as previously published [32–34]. Phosphorylating
non-cyclic electron transport was determined in the presence of
chemicals required for phosphorylation (ADP and KH2PO4), using
from endophytic fungus Edenia gomezpompae.
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the same way that basal electron transport from water to MV,
except for the additions of 1 mM ADP and 3 mM KH2PO4 [32].
Uncoupled non-cyclic electron transport was tested in the pres-
ence of uncoupled agent (NH4Cl), using the same procedure as
for basal electron transport from water to MV, but with the addi-
tion of 6 mM NH4Cl [32–34]. All reaction mixtures were illumi-
nated for 2 min with a projector lamp (Gaf 2669), and passed
through a 5 cm filter of a 1% CuSO4 solution, resulting in actinic
light (0.2 mW/cm2). The temperature was 20 �C, and, for each reac-
tion, a negative control was performed with the chloroplasts in the
reaction medium only. The extracts were tested in the concentra-
tion range 6.25–200 lg/mL, and the pure compounds were tested
in the concentration range 12.5–200 lg/mL.

2.5. Partial reactions determination

Uncoupled photosystems I (PSI) and II (PSII) electron flow was
performed as a non-cyclic electron transport assay. Uncoupled PSII
electron flow, from water to DCPIP (2,6-dichlorophenolindiphe-
nol), was measured by the reduction of DCPIP-supported O2 evolu-
tion, with a 3 mL of medium containing 100 mM sorbitol, 10 mM
KCl, 5 mM MgCl2, 15 mM tricine–KOH (pH 8.0), 1 lM DBMIB
(2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone), 100 lM
DCPIP/500 lM K3[Fe(CN)6], and 6 mM NH4Cl in illuminated chloro-
plasts (20 lg Chl/mL) during 1 min. Uncoupled partial reaction of
PSII electron transport, from water to SiMo (sodium silicomolyb-
date), was determined as in PSII with 3 mL of the same medium
for PSII; but, 1 lM DBMIB, and 100 lM DCPIP/500 lM K3[Fe(CN)6],
were removed from the medium, and 200 lM SiMo and 10 lM
DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea] were added
using chloroplasts (20 lg Chl/mL), illuminated during 1 min [35].
The uncoupled PSII partial electron transport rate from DPC (diphe-
nylcarbazide), which donates electrons at P680 to DCPIP, was mea-
sured using a Beckman DU 650 spectrophotometer; and, it was
determined with thylakoids previously treated with 0.8 M
hydroxymethyl aminomethane (Tris) (pH 8.0), and incubated for
30 min at 4 �C [36]. This treatment inhibited the water splitting
enzyme.

Uncoupled PSI electron transport was determined using 3 mL of
the medium used for the basal electron transport in addition to
10 lM DCMU, 100 lM DCPIP, 300 lM ascorbate, and 6 mM NH4Cl
in illuminated chloroplasts (20 lg Chl/mL) during 1 min [34,37].
These electron flow activities were monitored with a YSI 2300 bio-
logical oxygen monitor, using a Clark type electrode. All reaction
mixtures were illuminated for 2 min with a projector lamp (Gaf
2669), and passed through a 5 cm filter of a 1% CuSO4 solution,
resulting in actinic light (0.2 mW/cm2). The temperature was
20 �C and, for each reaction, a negative control was performed with
the chloroplasts in the reaction medium only. The extracts were
tested in the concentration range 6.25–200 lg/mL; and, the pure
compounds were tested in the concentration range 12.5–200 lg/
mL.

2.6. Chlorophyll a fluorescence measurements

Chl a fluorescence transients were measured with a Handy-PEA
(Plant Efficient Analyzer, from Hansatech, King’s Lynn, Norfolk,
UK), as previously described [38]. The maximum fluorescence yield
from the sample was generated by illumination for 2 s with contin-
uous light (650 nm peak wavelength, intensity equivalent of
2830 lmol photons m�2 s�1 and gain of 0.7), provided by an array
of three light-emitting diodes. The reaction medium used was that
employed in basal non-cyclic electron transport measurements
without MV. To monitor Chl a fluorescence transients, aliquots of
dark-adapted thylakoids, for 5 min containing 60 lg of Chl, were
transferred to filter paper by gravity with a dot-blot apparatus
(Bio-Rad, United States), in order to ensure a homogeneous and
reproducible distribution of thylakoids. The filter paper was dipped
immediately in 3 mL of the medium with different concentrations
of the tested compounds, and the control contained medium, plus
the amount of DMSO. The O-J-I-P transients were analyzed accord-
ing to the JIP test [39]. From the measured parameters we
obtained: initial fluorescence (F0), when plastoquinone electron
acceptor pool (QA) is fully oxidized; maximal fluorescence level
(FM), when QA is transiently fully reduced; area over the curve
between F0 and FM, which is related to the pool size of PSII electron
transport acceptors [39]. Other derived parameters (Table 3) were
calculated with the program Biolyzer HP3 (from Laboratory
University of Geneva; available at http://www.unige.ch/sciences/
biologie/bioen, or it is possible to contact Professor Reto J. Strasse,
who designed the program).

2.7. Statistical analysis

Experimental results concerning the effect of culture media, and
the mycelia extracts from morphological variants of E. gomezpom-
pae; and, selected phytotoxins on different photosynthetic
activities, were analyzed by Analysis of variance (ANOVA) and
Tukey statistical tests utilizing GraphPad Prism ver. 5.01 statistical
computer software [40]. The IC50 value (50% inhibitory concentra-
tion) for each activity (electron transport rates partial reactions)
was calculated by Probit analysis [41], based on the average per-
centage of inhibition obtained at each concentration of the
different treatments. Data are represented as mean ± Standard
deviation (SD). A P value of 60.05 was employed to indicate statis-
tical significance.

It is important to emphasize that, in general, the effect of
organic extract and naphthoquinones spiroketals 1–4 on photo-
phosphorylation, electron transport rate from water to MV and
on uncoupled partials reactions in the concentration range 25–
200 lg/mL was statistically significant (P < 0.05).
3. Results and discussion

The endophytic fungus E. gomezpompae was obtained from the
leaves of C. acuminata (Vervenaceae), collected at the Ecological
Reserve ‘‘Eden’’; four isolates of this species were obtained, and
these corresponded to the morphological variants denominated
C1c, C1e, C1e2a, and C1e2b [27]. Considering that the culture
medium and mycelium organic extracts and naphthoquinones spi-
roketals, from four morphological variants, showed significant
phytotoxic activity [27]. In this paper we evaluated them for their
capacity to inhibit different photosynthetic electron transport
chain reactions, additionally Chl a fluorescence of PSII
measurements.

3.1. Effect of organic extract and naphthoquinones spiroketals 1–4 on
photophosphorylation

All phytotoxic extract from morphological variants of
E. gomezpompae significantly inhibited the photosynthetic photo-
phosphorylation (ATP synthesis) in freshly lysed spinach
thylakoids, from water to MV, in a concentration dependent man-
ner (Fig. 2A). IC50 values for the eight organic extract tested were
from 15.9 to 106.2 lg/mL (Table 1). In general, the culture medium
extracts (Med) were more potent than mycelium extracts (Myc).
The culture medium extracts of morphological variants C1e (IC50

55.7 lg/mL), C1e 2a (IC50 15.9 lg/mL), and C1e 2b (IC50 42.7 lg/
mL), inhibited ATP synthesis by 100% at 150 lg/mL. On the other
hand, ATP synthesis was significantly inhibited by palmarumycins
CP17 (3) (IC50 24.3 lM), and CP2 (4) (IC50 25.1 lM), and partially
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Fig. 2. (A) Inhibitory effects of increasing concentrations of organic extracts from four morphological variants of E. gomezpompae, C1c myc (j), C1c med (d), C1e myc (N), C1e
med (.), C1e2a myc (h), C1e2a med (s), C1e2b myc (4), and C1e2b med (r); Med, culture medium extract; Myc, mycelium extract. Panel B, compounds 1 (j), 2 (d), 3 (.)
and 4 (h) on ATP synthesis rate of spinach thylakoids. Control average value as 100% of activity was 1236.3 lM ATP/mg Chl � h. The data are results of three replicates. Each
point represents the mean of three determinations. Each repetition was made in different batches of chloroplasts. Vertical bars represent standard deviations. In general, the
effect of organic extract and naphthoquinones spiroketals 1–4 on photophosphorylation, in the concentration range 25–200 lg/mL, was statistically significant (P < 0.05).

Table 1
IC50 values from ATP synthesis, basal, phosphorylating and uncoupled rates of electron transport and on partial reaction of PSII, PSI, H2O to SiMo and DPC to DCPIP of organic
extracts from four morphological variants of Edenia gomezpompae and preussomerins EG1 (1), and EG4 (2), and palmarumycins CP17 (3), and CP2 (4).

Photosynthetic activities IC50 organic extracts from morphological variants of E. gomezpompae (lg/mL) IC50 compounds (lM)

C1c Myc C1c Med C1e Myc C1e Med C1e2a Myc C1e2a Med C1e2b Myc C1e2b Med 1 2 3 4

ATP synthesis 106.2 70.4 53.7 55.7 42.0 15.9 51.5 42.7 178.1 >200 24.3 25.1

Electron transport
Basal 135.1 >200 107.2 142.6 46.1 195.4 52.6 >200 122.3 152.2 46.6 74.8
Phosphorylating 152.6 184.3 86.5 >200 22.0 >200 26.2 >200 23.7 131.9 48.8 30.8
Uncoupled 17.9 104.5 14.4 55.7 16.8 22.2 23.5 67.6 46.1 50.0 63.5 84.3

PSI
DCPIPred to MV >200 >200 >200 >200 >200 >200 >200 >200 >200 >200 >200 >200

PSII
H2O to DCPIP/K3[Fe(CN)6] 57.4 137.6 41.6 79.4 90.1 71.8 24.0 101.4 128.9 114.5 >200 142.1
H2O to SiMo 102.7 97.7 71.4 84.1 99.3 26.3 71.4 40.3 23.5 11.2 135.6 14.6
DPC to DCPIP 174.7 132.0 102.4 >200 >200 81.0 >200 193.3 >200 >200 >200 >200

Myc, mycelium; Med, culture medium.
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affected by preussomerins EG4 (2) (IC50 > 200 lM), and EG1 (1)
(IC50 178.1 lM) (Fig. 2B; and Table 1). Therefore, CP2 (4) was the
potent inhibitor to ATP synthesis, and the IC50 values of 3 and 4
were lower than those of the organic extracts evaluated.

The inhibition of ATP synthesis might be inhibited in a different
array of ways: by uncoupling ATP synthesis from the electron
transport, by inhibiting the electron transport, and/or, by blocking
the phosphorylation reaction itself. In order to investigate the
mechanism of action of organic extracts and naphthoquinones spi-
roketals 1–4, their effect on non-cyclic electron transport from
water to MV was investigated under basal, phosphorylation, and
uncoupled conditions.

3.2. Effect of organic extract and naphthoquinones spiroketals 1–4 on
electron transport rate from water to MV on freshly lysed illuminated
spinach chloroplasts

Organic extracts of E. gomezpompae inhibited the non-cyclic
electron transport under the three conditions tested (basal, phos-
phorylating and uncoupled electron flow) from water to MV, in a
concentration dependent manner, except the culture medium
extract of morphological variant C1e 2b (Fig. 3A–H).

Very broadly, these results indicate that organic extracts behave
as a Hill reaction inhibitor, since photosynthetic photophosphory-
lation and the electron transport rate were inhibited. Organic
extracts were the most active inhibitors on uncoupled electron
flow. IC50 values were from 14.4 to 104.5 lg/mL for all extracts
tested (Table 1). Phosphorylating and uncoupled photosynthetic
electron transport was inhibited by culture medium extract of
morphological variant C1e 2b (Fig. 3H). On the contrary, basal elec-
tron transfer was enhanced by extract. These results indicated that
culture medium extract of C1e 2b acts as Hill reaction inhibitor and
as mild uncoupler.

To obtain most information about the mechanism of action, the
effect of naphthoquinone piroketals derivatives 1–4 on basal, phos-
phorylating and uncoupled electron flow from, water to MV, was
investigated. Fig. 4A–D shows that these activities were inhibited
by addition of compounds 1–4, in a concentration-dependent man-
ner. Compounds 1 and 2 were the most active on inhibiting the
uncoupled electron transport rate with an IC50 value of 46.1 and
50.0 lM, respectively. Compounds 3 and 4 were less active than
1 and 2, with IC50 values of 63.5 and 84.3 lM, respectively. Basal
electron transport was less affected by 1, 2 and 4 (IC50 122.3,
152.2, and 74.8 lM, respectively), but significantly inhibited by 3,
with IC50 values of 46.6 lM. Furthermore, 2 (IC50 131.9 lM) and
3 (IC50 48.8 lM) were less active on inhibiting the phosphorylating
electron transport flow than 1 (IC50 23.7 lM) and 4 (IC50 30.8 lM).
Compounds 1 and 4 inhibit phosphorylating electron transport in
parallel manner as concentration increases. The results suggest
that naphthoquinone piroketals might have more than one mech-
anism of action. Compounds that inhibit ATP synthesis, and uncou-
pled electron transport, act as Hill reaction inhibitors by blocking
the reduction of the electron transport chain acceptor (MV in this
case). Further, both compounds, 1 and 2, have the same potency
as Hill reaction inhibitors demonstrated by uncoupled electron
flow inhibition. Additionally, it was observed that all
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Fig. 3. Inhibitory effect of increasing concentrations of organic extracts from four morphological variants of E. gomezpompae on basal (j), phosphorylating (d), and
uncoupled (N) rates of electron transport; and, on uncoupled PSII measured from H2O to DCPIP (h), and the uncoupled partial reaction of PSII from H2O to SiMo (s), and DPC
to DCPIP (4); Med, culture medium extract; Myc, mycelium extract. Control average value as 100% of activity was 412 lequiv e�/mg Chl � h. The data are results of three
replicates. Each point represents the mean of three determinations. Each repetition was made in different batches of chloroplasts. Vertical bars represent standard deviations.
In general, the effect of organic extract on electron transport rate from water to MV on freshly lysed illuminated spinach chloroplasts, in the concentration range 25–200 lg/
mL, was statistically significant (P < 0.05).

M.L. Macías-Rubalcava et al. / Journal of Photochemistry and Photobiology B: Biology 138 (2014) 17–26 21
concentrations tested of 1 inhibit the phosphorylating electron
transport rate to a higher degree than the basal, or the uncoupled
electron flow (Fig. 4A and B; and Table 1). The results suggest that
1 interacts and inhibits at an energized state (electron flow coupled
to ATP synthesis) than in non-energized state (basal and uncoupled
electron flow), or 1 may inhibits ATP synthesis itself.
3.3. Effect of organic extract and naphthoquinones spiroketals 1–4 on
uncoupled partial reactions in electron transport rate tested on
spinach chloroplasts

To localize the inhibition site of organic extracts and naphtho-
quinone piroketals 1–4, in the chloroplast electron transport chain,
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Fig. 4. Inhibitory effect of increasing concentrations of preussomerins EG1 (1) and EG4 (2) and palmarumycins CP17 (3) and CP2 (4), from the endophytic fungus E.
gomezpompae on basal (j), phosphorylating (d), and uncoupled (N) rates of electron transport, and on uncoupled PSII measured from H2O to DCPIP (h); and, the uncoupled
partial reaction of PSII from H2O to SiMo (s), and DPC to DCPIP (4). Control average value as 100% of activity was 239.9 lequiv e�/mg Chl � h. The data are results of three
replicates. Each point represents the mean of three determinations. Each repetition was made in different batches of chloroplasts. Vertical bars represent standard deviations.
In general, the effect of naphthoquinones spiroketals 1–4 on electron transport rate from water to MV on freshly lysed illuminated spinach chloroplasts, in the concentration
range 12.5–200 lg/mL, was statistically significant (P < 0.05).
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their effect on diverse partial reactions of PSII and PSI were
measured. In these experiments, different combinations of artifi-
cial electron donors and acceptors, as well as appropriate inhibitors
were used. Uncoupled PSI electron transport from the reduced
DCPIP to MV was not affected with the extracts and compounds
1–4 (data not shown). IC50 values were >200 lg/mL for organic
extracts, and >200 lM for compounds. In contrast, the uncoupled
PSII electron flow was inhibited by all the samples tested (Figs. 3
and 4). Uncoupled PSII from water to DCPIP/K3[Fe(CN)6], from
water to SiMo, and from DPC to DCPIP were inhibited in a
concentration dependent manner. The mycelium extracts of
Table 2
Effect of increasing concentration of preussomerins EG1 (1), and EG4 (2), and palmarumycin
for 5 min in the dark, and with 0.8 M Tris, pH 8.0.

Compound Concentration (lM) F0 FM

1 0 163 ± 5.7 722 ± 2
50 167 ± 9.1 727 ± 3

100 170 ± 4.5 734 ± 2
200 166 ± 2.1 703 ± 1

2 0 163 ± 5.7 722 ± 2
50 162 ± 6.2 704 ± 3

100 162 ± 104 702 ± 5
200 174 ± 9.4 742 ± 4

3 0 162 ± 3.8 770 ± 1
50 150 ± 2.1 720 ± 1

100 148 ± 3.0 693 ± 3
200 157 ± 4.6 719 ± 2

4 0 162 ± 3.8 770 ± 1
50 147 ± 8.0 708 ± 4

100 152 ± 8.7 703 ± 3
200 159 ± 4.6 730 ± 2
morphological variants C1e (IC50 41.6 lg/mL), and C1e 2b
(IC50 24.0 lg/mL) showed the most pronounced inhibitory
effect on uncoupled PSII from water to DCPIP/K3[Fe(CN)6], they
inhibited to 100% at 200 lg/mL and 150 lg/mL, respectively
(Fig. 3C and G).

The culture medium extract of morphological variants C1e (IC50

79.4 lg/mL) also inhibited uncoupled PSII from water to DCPIP/
K3[Fe(CN)6], activity by 100%, at 200 lg/mL (Fig. 3D). On the other
hand, organic extracts and compounds 1–4 were the most active
inhibitors on uncoupled electron flow from H2O to SiMo. Also,
the uncoupled electron transport from DPC to DCPIP was partially
s CP17 (3), and CP2 (4) on fluorescence parameters on thylakoids previously incubated

FV FV/FM Area

9.5 559 ± 24.2 0.774 ± 0.003 15,318 ± 3820
5.2 560 ± 26.1 0.770 ± 0.002 12,909 ± 1514
6.8 564 ± 22.5 0.768 ± 0.003 18,207 ± 4197
3.4 537 ± 11.3 0.764 ± 0.001 19,078 ± 5940

9.5 559 ± 24.2 0.774 ± 0.003 15,318 ± 3820
1.2 542 ± 25.1 0.770 ± 0.003 18,812 ± 1249
6.9 540 ± 46.9 0.769 ± 0.006 18,692 ± 4474
0.4 568 ± 31.2 0.765 ± 0.003 16,588 ± 1311

1.8 608 ± 13.0 0.790 ± 0.005 19,304 ± 1720
.4 570 ± 0.71 0.792 ± 0.002 20,231 ± 4243
.2 545 ± 2.4 0.786 ± 0.003 21,110 ± 1629
.1 562 ± 1.7 0.782 ± 0.005 17,209 ± 1386

1.8 608 ± 13.0 0.790 ± 0.005 19,304 ± 1720
1.6 561 ± 33.8 0.792 ± 0.002 18,036 ± 3671
2.0 551 ± 23.4 0.784 ± 0.003 16,495 ± 1629
1.1 571 ± 16.6 0.782 ± 0.0005 16,918 ± 1386



Table 3
Derived parameters, their description and formulae using data extracted from the Chl a fluorescence (OJIP) transient presented in this work.

Fluorescence parameters derived from the extracted data

M0 = 4(F300ls � F0)/(FM � F0) Approximated initial slope (in ms�1) of the fluorescence transient V = f(t)
Sm = (area)/(FM � F0) Normalized total complementary area above the O-J-I-P transient (reflecting multiple turnover QA reduction events)
Yields or flux ratios
uPo = TR0/ABS = [1 � F0/FM] Maximum quantum yield of primary photochemistry at t = 0
uEo = ET0/ABS = [1 � FJ/FM)] Quantum yield for electron transport at t = 0
wEo = ET0/TR0 = (1 � VJ) Probability (at t = 0) that a trapped exciton moves an electron into the electron transport chain beyond QA

�

uDo = 1 � uPo = (F0/FM) Quantum yield (at t = 0) of energy dissipation
dR0 = RE0/ET0 = (1 � VI)/(1 � VJ) Efficiency with which an electron can move from the reduced intersystem electron acceptors to the PSI end electron

acceptors of PSI
uR0 = RE0/ABS = uPo*wEo*dR0 = 1 � (FI/FM) Quantum yield for the reduction of end acceptors of PSI per photon absorbed
RE0/TR0 = wEo � dR0 Efficiency with which a trapped exciton move an electron into the electron transport chain from QA

� to the PSI end electron
acceptors

Specific energy fluxes or activities (per reaction QA
� reducing PSII reaction center � RC)

ABS/RC = M0(1/VJ)(1/uPo) Absorption per RC
TR0/RC = M0/VJ Trapped energy flux per RC (at t = 0)
ETo/RC = M0 (1/VJ)(wEo) Electron transport flux per RC (at t = 0)

Phenomenological energy fluxes (per excited cross section – CS)
ABS/CS0 Absorption flux per CS
TR0/CS0 Trapped energy flux per CS (at t = 0)
ET0/CS0 Electron transport flux per CS (at t = 0)
De-excitation rate constants
Kp Photochemical de-excitation rate constant
Kn Non-photochemical de-excitation rate constant
Sum K The sum of photochemical and non-photochemical rate constants
Performance index at t = 0

PIABS = RC
ABS �

uPo
1�uPo �

wEo
1�wEo

Performance index on absorption basis
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inhibited by these compounds. Compounds 1, 2 and 4, were more
active than 3. The highest inhibitory effect on uncoupled PSII from
water to SiMo, caused by compounds 1 (51%), 2 (63%) and 4 (76%),
was observed at a concentration of 25 lM. In the case of compound
3 (43%), the maximum inhibitory effect was achieved at 100 lM.
IC50 values for extracts were from 26.3 to 102.7 lg/mL; and, for
compounds 1–4 were 23.5, 11.2, 135.6 and 14.6 lM, respectively.
Fig. 5. Radar graphs showing the effects of naphthoquinones piroketals at 50 (black line
the OJIP transients of Chl a, presented by dark-adapted freshly lysed chloroplasts. Contr
unity. Panel A, compound 1; B, compound 2; C, compound 3 and D compound 4.
Altogether, the results indicated that inhibition sites of naphtho-
quinone piroketals are at the PSII electron transport on the water
splitting enzyme (OEC complex), and on the acceptor side of PSII.
Finally, Table 1 summarizes the inhibition of different photosyn-
thetic activities of the organic extract and isolates compounds 1–
4 from E. gomezpompae. The results in Table 1 are expressed as
IC50 values.
), 100 (dot line), and 200 lM (grey line), on the derived parameters calculated from
ol is represented by dashed black line at the center of the radar and is equal to the
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3.4. Chlorophyll a fluorescence of PSII measurements

To corroborate the polarography results about the interaction
site of the naphthoquinone piroketals 1–4, at PSII, fluorescence of
Chl a were measured on freshly lysed spinach chloroplasts incu-
bated for 5 min in the dark at room temperature. Control chloro-
plast contained the amount of DMSO used for each treatment.
The treated chloroplasts contained various concentrations of the
compounds. The obtained O-J-I-P transients were analyzed accord-
ing to the JIP test and the measured parameters were: fluorescence
intensity level (F0); when plastoquinone electron acceptor pool
(QA) is fully oxidized; fluorescence level when QA is transiently
fully reduced (FM); variable fluorescence calculated as FM � F0,
(FV), the maximum quantum yield of primary photochemistry is
at t = 0, (uPo = FV/FM); and the area over the curve is between F0

and FM, which relates the pool size of PSII electron transport accep-
tors (Area), [42]. Compounds 1 and 2 lightly increased F0 values
and FM values remain almost constant, and the FV/FM values were
also lightly increased (Table 2). An increase in F0 has been
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Fig. 6. Fluorescence kinetics (Ft) expressed as relative variable fluorescence: Panel A, C, D
the F0 to FI phase = between F5 and FM, Vt = (FM � F0)/(FI � F0) – 1. Panel A and B, comp
compounds were assayed at concentrations of 50 (j), 100 (d) and 200 lM (N).
attributed to the physical separation of the PSII reaction centers
from their associated pigment antennae resulting in blocked
energy transfer to the PSII traps [43–46], although a part of this
phenomenon could possibly reflect the accumulation of the
reduced form of QA

� [47].
With compounds 3 and 4, the F0 and the FM values decreased

(Table 2). From these parameters other derived parameters were
calculated (Table 3), with the program Biolyzer HP3. The effect of
increasing concentrations of the naphthoquinones piroketals were
plotted in radar graphs as shown in Fig. 5. In these radar plots the
parameter most affected by the 1 and 2 was the performance index
(PI(ABS)), and electron transport per reaction center (ET0/RC). These
parameters decreased 25% and 10% respectively with both com-
pounds. With compounds 3 and 4, parameters as PI(ABS) also
decreased, but in minor proportion; besides this, the electron
transport per cross section (ET0/CS0), and the normalized total
complementary area above the O-J-I-P transient, were diminished
at the higher concentrations. All these results suggested that 1, 2, 3
and 4 inhibited the PSII electron transport. On the other hand, the
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and E, between F0 and F5, Vt = (Ft � F0)/(FM � F0). Panel B, the IP phase normalized on
ound 1; panel C, compound 2; panel D compound 3 and panel E, compound 4. All
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fluorescence of Chl a PSII transients, obtained with the naphtho-
quinone piroketals 1–4 treatments, were normalized using the
equation Vt = (Ft � F0)/FM � F0), and the difference between the
treated and control normalized transients is called ‘‘relative vari-
able fluorescence’’. The relative variable fluorescence was plotted
versus time, and showed an increase in intensity between 2 and
4 ms, appearing a J-band near to 2 ms. This band is an indicative
of the QA

� increased concentration [48]. The plots of relative vari-
able fluorescence, obtained with the different concentrations of
four compounds, showed the appearance a clear J-band (near to
2 ms), with an exception of 3, that only showed this band at 100
and 200 lM, but not at 50 lM (Fig. 6 Panel A, C, D and E). Further,
with 1 at 50 lM, there appeared a second band, the G-band; and 2
showed two bands. At the major concentration, an H-band
appears; and, at 50, 100 and 200 lM, the appearance of the P-band
(near to 1 s) was induced [49]. The J-I phase had been showing in
parallel, the reduction of the PQ-pool [50]; and the I-P phase
depended on the PSI activity, representing the reduction of the
ferredoxin (Fd) pool, in the presence of inactive ferredoxin-NADP+-
reductase (FNR) [51]; so in this way, compound 1 inhibited at the
acceptor side of PSII between P680 and PQ-pool. Compound 2 has
two inhibition sites; one at acceptor side of PSII and the other
target was beyond to QA. Compound 3 also showed an increase
in relative variable fluorescence between 0.1 and 1 s, but in this
case this band was not well defined. Compounds 3 and 4 only
inhibited at the acceptor site of PSII.

De Medeiros et al. [22] investigated the effect of 3-hydroxy-
2,5-dimethylphenyl 2,4-dihydroxy-3,6-dimethylbenzoate, and
3-hydroxy-2,5-dimethylphenyl 4-[(2,4-dihydroxy-3,6-dimethylben-
zoyl)oxy]-2-hydroxy-3,6-dimethylbenzoate, two depsides pro-
duced by Cladosporium uredinicola, an endophytic fungus isolated
from guava fruit (Psidium guajava, Myrtaceae) on photosynthesis
in freshly lysed spinach chloroplasts. Both fungal compounds
inhibited electron flow basal, phosphorylating, and uncoupled,
from water to MV, acting as Hill reaction inhibitors in a similar
manner as preussomerins EG1 (1) and EG4 (2) and palmarumycins
CP17 (3) and CP2 (4) from endophytic fungus E. gomezpompae. Two
depsides, also inhibited a similar way, partial reactions of PSII elec-
tron flow from water to 2,5-dichloro-1,4-benzoquinone (DCBQ),
from water to SiMo, and partially inhibited electron flow from
DPC to DCPIP, acted in a similar way as naphthoquinonepiroketals
1–4.

Both fungal compounds from C. uredinicola and fungal com-
pounds from E. gomezpompae have shown that the highest inhibi-
tory effect on uncoupled PSII from water to SiMo. IC50 values for
depsides produced by the endophytic fungus C. uredinicola were
68 and 22 lM, respectively; and, for naphthoquinones spiroketals
1–4 produced by E. gomezpompae were 23.5, 11.2, 135.6 and
14.6 lM, respectively. All told, the results indicated that inhibition
sites of two families of compounds (naphthoquinone piroketals
and depsides) are at the PSII electron transport chain at OEC com-
plex, and on the acceptor site of PSII. This mechanism of action was
supported by chlorophyll a fluorescence measurement which
shows a J-band in a similar way to herbicide Diuron (DCMU)
[52]. It is important to highlight that preussomerins EG1 (1), and
EG4 (2), and palmarumycin CP2 (4) were the most powerful on
the PSII electron transport chain in freshly lysed illuminated
spinach chloroplasts.
4. Conclusions

It was described that culture medium and mycelium organic
extracts, from four morphological variants of E. gomezpompae,
and preussomerins EG1 (1) and EG4 (2) and palmarumycins CP17

(3) and CP2 (4), possess phytotoxic properties inhibiting different
light reactions of photosynthesis. In particular, the tested com-
pounds have an effect on the PSII electron transport chain in
freshly lysed illuminated spinach chloroplasts.

According to the previous study, preussomerins and palm-
arumycins contents in morphological variants of E. gomezpompae,
analyzed by HPLC, showed that the four variants presented differ-
ences in the concentration of the major components [27]. These
results could be due to the phenotypic plasticity of E. gomezpom-
pae; for that reason, each phenotype, with different morphology
and different biological activity, exhibited also important differ-
ences in chemical compounds production. Despite this, the sum
of all secondary metabolites produced by each morphological var-
iant is highly phytotoxic.

To the best of our knowledge the phytotoxic effect on photosyn-
thesis has not been previously described for naphthoquinones spi-
roketals 1–4; therefore, these compounds could be considered as
promising lead compounds for developing new herbicides and rep-
resent a rich source of bioactive compounds with potential for uti-
lization in modern agriculture. Since endophytic fungi are poorly
unstudied organisms and producers of bioactive secondary
metabolites, they are a valuable source of novel natural products.
Their secondary metabolites offer an enormous potential for the
discovery of new agrochemicals and drugs of natural origin
[15–19,52,53].

In summary, in the current study, we demonstrated, for the first
time, that the preussomerins and palmarumycins from the endo-
phytic fungus E. gomezpompae, of which are the main components
present in the culture medium and mycelium organic extracts [27],
are responsible for the in vitro phytotoxic properties of organic
extracts from four morphological variants of E. gomezpompae on
photosynthesis.
Acknowledgment

This work was supported by grant CONACYT 81017 and
179194.
References

[1] O. Petrini, Fungal endophytes of tree leaves, in: J.H. Andrews, S.S. Hirano (Eds.),
Microbial Ecology of Leaves, Springer-Verlag, New York, 1991, pp. 179–197.

[2] K. Saikkonen, S.H. Faeth, M. Helander, T.J. Sullivan, Fungal endophytes: a
continuum of interactions with host plants, Annu. Rev. Ecol. Systemat. 29
(1998) 319–343.

[3] A.E. Arnold, Z. Maynard, G.S. Gilbert, Fungal endophytes in dicotyledonous
neotropical trees: patterns of abundance and diversity, Mycol. Res. 105 (2001)
1502–1507.

[4] G. Strobel, B. Daisy, Bioprospecting for microbial endophytes and their natural
products, Microbiol. Mol. Biol. Rev. 67 (2003) 491–502.

[5] A.E. Arnold, L.C. Mejia, D. Kyllo, E.I. Rojas, Z. Maynard, N. Robbins, E.A. Herr,
Fungal endophytes limit pathogen damage in a tropical tree, Proc. Natl. Acad.
Sci. 100 (2003) 15649–15654.

[6] T.J. Sullivan, J. Rodstrom, J. Vandop, J. Librizzi, C. Graham, C.L. Schardl, T.L.
Bultman, Symbiont-mediated changes in Lolium arundinaceum inducible
defenses: evidence from changes in gene expression and leaf composition,
New Phytol. 176 (2007) 673–679.

[7] D.-X. Zhang, P. Nagabhyru, C.L. Schardl, Regulation of a chemical defense
against herbivory produced by symbiotic fungi in grass plants, Plant Physiol.
150 (2009) 1072–1082.

[8] F.K. Gao, C.C. Dai, X.Z. Liu, Mechanisms of fungal endophytes in plant
protection against pathogens, Afr. J. Microbiol. Res. 4 (2010) 1346–1351.

[9] A. Ren, C. Li, Y. Gao, Endophytic fungus improves growth and metal uptake of
Lolium arundinaceum, Darbyshire Ex. Schreb. Int. J. Phytoremed. 13 (2011)
233–243.

[10] M. Hubbard, J. Germida, V. Vujanovic, Fungal endophytes improve wheat seed
germination under heat and drought stress, Botany 90 (2012) 137–149.

[11] A.F. Currie, J. Wearn, S. Hodgson, H. Wendt, S. Broughton, L. Jin, in: V.C. Verma,
A.C. Gange (Eds.), Advances in Endophytic Research, Springer-Verlag, Berlin,
Germany, 2014, pp. 61–81.

[12] B. Schulz, C. Boyle, The endophytic continuum, Mycol. Res. 109 (2005) 661–
686.

[13] D.L. Hawksworth, The fungal dimension of biodiversity: magnitude,
significance, and conservation, Mycol. Res. 95 (1991) 641–655.

http://refhub.elsevier.com/S1011-1344(14)00145-6/h0005
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0005
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0005
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0005
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0005
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0010
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0010
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0010
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0015
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0015
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0015
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0020
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0020
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0025
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0025
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0025
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0030
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0030
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0030
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0030
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0035
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0035
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0035
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0040
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0040
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0045
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0045
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0045
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0050
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0050
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0055
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0055
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0055
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0055
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0055
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0060
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0060
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0065
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0065


26 M.L. Macías-Rubalcava et al. / Journal of Photochemistry and Photobiology B: Biology 138 (2014) 17–26
[14] A. Aptroot, Species diversity in tropical rainforest ascomycetes: lichenized vs.
non-lichenized; foliicolous vs. corticolous, Abstracta Bot. 21 (1997) 37–44.

[15] M.M. Dreyfuss, I.H. Chapela, Potential of fungi in the discovery of novel, low-
molecular weight pharmaceuticals, Biotechnology 26 (1994) 49–80.

[16] R.X. Tan, W.X. Zou, Endophytes: a rich source of functional metabolites, Nat.
Prod. Rep. 18 (2001) 448–459.

[17] B. Schulz, C. Boyle, S. Draeger, A.K. Rommert, K. Krohn, Endophytic fungi: a
source of novel biologically active secondary metabolites, Mycol. Res. 106
(2002) 996–1004.

[18] S. Kumar, N. Kaushik, Metabolites of endophytic fungi as novel source of
biofungicide: a review, Phytochem. Rev. 11 (2012) 507–522.

[19] S. Kusari, C. Hertweck, M. Spiteller, Chemical ecology of endophytic fungi:
origins of secondary metabolites, Chem. Biol. 19 (2012) 792–798.

[20] J.B. Gloer, in: C.P. Kubicek, I.S. Druzhinina (Eds.), Environmental and Microbial
Relationships, Springer-Verlag, Berlin, Heidelberg, 2007, pp. 249–268.

[21] A.L. Khan, M. Hamayun, J. Hussain, S.-M. Kang, I.-J. Lee, The newly isolated
endophytic fungus Paraconiothyrium sp. LK1 produces ascotoxin, Molecules 17
(2012) 1103–1112.

[22] L.S. de Medeiros, O.M. Sampaio, M.F. das, G.F. da Silva, E.R. Filho, T.A.M. Veiga,
Evaluation of herbicidal potential of depsides from Cladosporium uredinicola,
an endophytic fungus found in guava fruit, J. Braz. Chem. Soc. 23 (2012) 1551–
1557.

[23] Z. Yang, M. Ge, Y. Yin, Y. Chen, M. Luo, D. Chen, A novel phytotoxic nonenolide
from Phomopsis sp, HCCB03520, Chem. Biodivers. 9 (2012) 403–408.

[24] M. Devine, S.O. Duke, C. Fedtke, Physiology of Herbicide Action, By PTR
Prentice Hall, Englewood Cliffs, New Jersey, 1992. p. 441.

[25] M.C. González, A.L. Anaya, A.E. Glenn, A. Saucedo-García, M.L. Macías-
Rubalcava, R.T. Hanlin, A new endophytic ascomycete from El Eden
Ecological Reserve, Quintana Roo, Mexico, Mycotaxon 101 (2007) 251–260.

[26] M.L. Macías-Rubalcava, B.E. Hernández-Bautista, M. Jiménez-Estrada, M.C.
González-Villaseñor, A.E. Glenn, R.T. Hanlin, A. Saucedo-García, J.M. Muria-
González, S. Hernández-Ortega, A.L. Anaya, Naphthoquinone spiroketal with
allelochemical activity from the newly discovered endophytic fungus Edenia
gomezpompae, Phytochemistry 69 (2008) 1185–1196.

[27] M.L. Macías-Rubalcava, M.E. Ruiz-Velasco, Sobrino, S. Hernández-Ortega,
Naphthoquinone spiroketals and organic extracts from the endophytic
fungus Edenia gomezpompae as potential herbicides, J. Agric. Food Chem. 62
(2014) 3553–3562.

[28] J.D. Mills, P. Mitchell, P. Schürmann, Modulation of coupling factor ATPase
activity in intact chloroplasts: the role of the thioredoxin system, FEBS Lett.
112 (1980) 173–177.

[29] B.A. Sánchez-Muñoz, M.I. Aguilar, B. King-Díaz, J.F. Rivero, B. Lotina-Hennsen,
The sesquiterpenes b-caryophyllene and caryophyllene oxide isolated from
Senecio salignus act as phytogrowth and photosynthesis inhibitors, Molecules
17 (2012) 1437–1447.

[30] H.H. Strain, B.T. Cope, W.A. Svec, Analytical procedures for the isolation,
identification, estimation and investigation of the chlorophylls, Meth.
Enzymol. 23 (1971) 452–466.

[31] R.A. Dilley, Ion transport (H+, K+, Mg2+ exchange phenomena), Meth. Enzymol.
24 (1972) 68–74.

[32] S. Saha, R. Ouitrakul, S. Izawa, N. Good, Electron transport and
photophosphorylation in chloroplasts as a function of the electron acceptor,
J. Biol. Chem. 246 (1971) 3204–3209.

[33] D. Torres-Romero, B. King-Díaz, R.J. Strasser, I.A. Jiménez, B. Lotina-Hennsen,
I.L. Bazzocchi, Friedelane triterpenes from Celastrusvulcanicola as
photosynthetic inhibitors, J. Agric. Food Chem. 58 (2010) 10847–10854.

[34] B. King-Díaz, P.D.A. Castelo-Branco, F.J.L. dos Santos, M.M.M. Rubinger, D.L.
Ferreira-Alves, D. Piló-Veloso, B. Lotina-Hennsen, Furanoditerpene ester and
thiocarbonyldioxy derivatives inhibit photosynthesis, Pestic. Biochem. Physiol.
96 (2010) 119–126.
[35] R.T. Giaquinta, B.R. Selman, B.J. Anderson, R.A. Dilley, Inhibition of coupling
factor activity of chloroplast membrane by diazonium compounds, J. Biol.
Chem. 249 (1974) 2873–2878.

[36] L.P. Vernon, E.R. Shaw, Photoreduction of 2,6-dichlorophenol by
diphenylcarbazide: a photosystem 2 reaction catalyzed by Tris-washed
chloroplasts and subchloroplasts fragments, Plant Physiol. 44 (1969) 1645–
1649.

[37] J.F. Allen, N.G. Holmes, in: M.F. Hipkinns, N.R. Baker (Eds.), Photosynthesis,
Energy Transduction. A Practical Approach, I.R.L. Press, Oxford, United
Kingdom, 1986, pp. 103–141.

[38] T.A.M. Veiga, B. King-Díaz, A.S.F. Marques, O.M. Sampaio, P.C. Vieira, M.F.G.F.
da Silva, B. Lotina-Hennsen, Furoquinoline alkaloids isolated from
Balfourodendron riedelianum as photosynthetic inhibitors in spinach
chloroplasts, J. Photochem. Photobiol. B 120 (2013) 36–43.

[39] R.J. Strasser, M. Tsimilli-Michael, A. Srivastava, in: G.C. Papageorgion,
Govindjee (Eds.), Chlorophyll Fluorescence: A Signature of Photosynthesis,
Kluwer Academic Publishers, Netherlands, 2004, pp. 321–362.

[40] R. Mead, R.N. Curnow, A.M. Hasted, Statistical Methods in Agriculture and
Experimental Biology, third ed., Chapman and Hall, CRC, Boca Raton, FL, 2002.

[41] J.H. Zar, Biostatistical Analysis, fifth ed., Prentice Hall, Upper Saddle River, New
Jersey, 2010.

[42] H.X. Jiang, L.-S. Chen, J.G. Zheng, S. Han, N. Tang, B.R. Smith, Aluminium
induced effects of photosystem II photochemistry in citrus leaves assessed by
the chlorophyll a fluorescence transient, Tree Physiol. 28 (2008) 1863–1871.

[43] A. Srivastava, B. Guissé, H. Greppin, R.J. Strasser, Regulation of antenna
structure and electron transport in Photosystem II of Pisum sativum under
elevated temperature probed by the fast polyphasic chlorophyll a fluorescence
transient: OKJIP, Biochim. Biophys. Acta 1320 (1997) 95–106.

[44] P.A. Armond, O. Björkman, L.A. Staehelin, Dissociation of supramolecular
complexes in chloroplast membranes. A manifestation of heat damage to the
photosynthetic apparatus, Biochim. Biophys. Acta 601 (1980) 433–442.

[45] P.A. Armond, U. Schreiber, O. Björkman, Photosynthetic acclimation to
temperature in the Desert Shrub, Larrea divaricata. II. Light-harvesting
efficiency and electron transport, Plant Physiol. 61 (1978) 411–415.

[46] C.A. Sundby, A. Melis, P. Mäenpää, B. Andersson, Temperature-dependent
changes in the antenna size of Photosystem II. Reversible conversion of
Photosystem IIa to Photosystem IIb, Biochim. Biophys. Acta 851 (1986) 475–
483.

[47] N.G. Bukhov, S.C. Sabat, P. Mohanty, Analysis of chlorophyll a fluorescence
changes in weak light in heat treated Amaranthus chloroplasts, Photosynth.
Res. 23 (1990) 81–87.

[48] A. Srivastava, R.J. Strasser, Govindjee, Polyphasic rise of chlorophyll a
fluorescence in herbicide resistant D1 mutants of Chlamydomonas reinardtii,
Photosynth. Res. 43 (1997) 131–141.

[49] S.Z. Tóth, G. Schansker, G. Garab, R.J. Strasser, Photosynthetic electron
transport activity in heat-treated barley leaves: the role of internal
alternative electron donors to photosystem II, Biochim. Biophys. Acta 1767
(2007) 295–305.

[50] U. Schreiber, C. Neubauer, C. Klughammer, Devices and methods for room-
temperature fluorescence analysis, Philos. Trans. Roy. Soc. Lond. B 323 (1989)
241–251.

[51] G. Schansker, S.Z. Tóth, R.J. Strasser, Methylviologen and
dibromothymoquinone treatments of pea leaves reveal the role of
photosystem I in the Chl a fluorescence rise OJIP, Biochim. Biophys. Acta
1706 (2005) 250–261.

[52] R.T. Giaquinta, R.A. Dilley, F.L. Crane, R. Barr, Photophosphorylation not
coupled to DCMU-insensitive photosystem II oxygen evolution, Biochem.
Biophys. Res. Commun. 59 (1974) 985–991.

[53] S.O. Duke, F.E. Dayan, J.G. Romagni, A.M. Rimando, Natural products as sources
of herbicides: current status and future trends, Weed Res. 40 (2000) 99–111.

http://refhub.elsevier.com/S1011-1344(14)00145-6/h0070
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0070
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0075
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0075
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0080
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0080
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0085
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0085
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0085
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0090
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0090
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0095
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0095
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0100
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0100
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0100
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0100
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0100
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0105
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0105
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0105
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0110
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0110
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0110
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0110
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0115
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0115
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0120
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0120
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0120
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0125
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0125
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0125
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0130
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0130
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0130
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0130
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0130
http://refhub.elsevier.com/S1011-1344(14)00145-6/h9000
http://refhub.elsevier.com/S1011-1344(14)00145-6/h9000
http://refhub.elsevier.com/S1011-1344(14)00145-6/h9000
http://refhub.elsevier.com/S1011-1344(14)00145-6/h9000
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0140
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0140
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0140
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0145
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0145
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0145
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0145
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0150
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0150
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0150
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0155
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0155
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0155
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0155
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0155
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0160
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0160
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0160
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0165
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0165
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0165
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0170
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0170
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0170
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0170
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0175
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0175
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0175
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0180
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0180
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0180
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0180
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0185
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0185
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0185
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0185
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0185
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0185
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0190
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0190
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0190
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0190
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0195
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0195
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0195
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0195
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0195
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0200
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0200
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0200
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0205
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0205
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0205
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0210
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0210
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0210
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0215
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0215
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0215
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0215
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0220
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0220
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0220
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0225
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0225
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0225
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0230
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0230
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0230
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0230
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0230
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0230
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0235
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0235
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0235
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0240
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0240
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0240
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0245
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0245
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0245
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0245
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0250
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0250
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0250
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0255
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0255
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0255
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0255
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0260
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0260
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0260
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0265
http://refhub.elsevier.com/S1011-1344(14)00145-6/h0265

	Selected phytotoxins and organic extracts from endophytic fungus Edenia gomezpompae as light reaction of photosynthesis inhibitors
	1 Introduction
	2 Materials and methods
	2.1 Tested materials
	2.2 Chloroplast isolation and chlorophyll determination
	2.3 ATP synthesis
	2.4 Electron transport rates
	2.5 Partial reactions determination
	2.6 Chlorophyll a fluorescence measurements
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Effect of organic extract and naphthoquinones spiroketals 1–4 on photophosphorylation
	3.2 Effect of organic extract and naphthoquinones spiroketals 1–4 on electron transport rate from water to MV on freshly lysed illuminated spinach chloroplasts
	3.3 Effect of organic extract and naphthoquinones spiroketals 1–4 on uncoupled partial reactions in electron transport rate tested on spinach chloroplasts
	3.4 Chlorophyll a fluorescence of PSII measurements

	4 Conclusions
	Acknowledgment
	References


