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ABSTRACT: The standard physiological parameters for assessing stress physiology, of plants, such as
chlorophyll index and photosystem II fluorescence, are essential for measuring reactions of plants to stress conditions. To
help standardize the parameters for chlorophyll indices of chlorophylls a, b, and total and the fluorescence of photosystem
IT (Fv/Fm), which are physiological indicators of stress conditions, 6-mo-old seedlings of Persea americana Mill. cv.
‘Duke7’ and ‘Toro canyon’, were evaluated under shade house conditions. For each plant, chlorophyll indices were
measured from the second through the fourteenth fully expanded leaves. Fluorescence was measured in the third, fifth,
seventh, and ninth fully expanded leaf, and determined in function of both, time and intensity of the exposure light source,
and the time for dark pre-acclimation of the leaf; was also compared right and left sides of the leaves. Chlorophyll indices
were not different between the left and right sides of the leaves, but were different between varieties with 'Duke 7' having
the highest value from the eighth leaf, while leaves tested for ‘Toro canyon’ did not show a difference. For Fv/Fm, there
was an interaction among the three factors in both cultivars. A prolonged exposure time (nine seconds), short time for
acclimation to darkness, and low intensity of exposure did not induce maximum fluorescence levels. On both avocado
cultivars, exposure to maximum light intensity for 7 seconds after 25 to 30 minutes of acclimation to darkness, was the

most favorable combination allowing the measurement of photosynthetic efficiency.
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INTRODUCTION

Avocado (Persea americana Mill), a C3
plant (WENG; LAI 2005) with spiral leaf
arrangement during seedling stage, is native from
subtropical and tropical areas in Central and South
America having some differences according the
origin area. Among them, differences in leaf
characteristics such as pubescence, leaf thickness,
and concentration of chlorophyll, are important
characteristics affecting the efficiency of light
harvesting and photosynthesis (MANDEMAKER
2008)

Three botanical varieties of avocado are
recognized: Persea americana Mill. var. americana
‘West Indian’; var. guatemalensis L. Wms., and var.
drymifolia Blake ‘mexicana’ (ASHWORTH, 2003;
SCORA; BERGH, 1990). They differ in adaptive
strategies for responses to biotic and abiotic limiting
factors (ASHWORTH, 2003) involving genetics
variations in growth and chlorophyll content, among
others, (SCHAFFER; WHILEY 2003).

Abiotic factors such as salinity, root
hypoxia, and extreme temperatures are potentially

limiting or devastating (OYARCE; GUROVICH
2010, SCHAFFER ET AL. 2013), however biotic
factors, such as diseases caused by Rosellinia
necatrix Berl., Raffaelea lauricola T.C. Harr. and
Phytophthora cinnamomi Rands. are potentially
limiting, being P. cinnamomi the most devastating
oomycete in avocado commercial crops (GEORGE
1956, GABOR 1991, DOUHAN ET AL. 2011).

According with the previously, between the
three races, P. americana var. drymifolia is
considered more adapted to low temperature while
var. americana and guatemalense have tolerance to
P. cinnamomi Rands. The Mexican rootstock
varieties, "Topa-topa’, and 'Dusa’ are susceptible to
Rosellinia sp., and highly tolerant to P. cinnamomi
(FERRI-MARTINEZ et al. 2016).

Biotic and abiotic stresses induce
physiological variations trough signaling responses,
gene expression, and photosynthetic efficiencies
such as photosynthetic metabolism reduction: for
example, moderate irradiance can affect photo-
oxidative reactions (PAPAGEORGIOU 2004,
TSIMILLI-MICHAEL; STAMATAKIS 2007,
BJORN ET AL. 2009).
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To measure physiological variations
resulting from stress responses, in sifu techniques
can be used (OYARCE; GUROVICH 2010,
ASHRAF; HARRIS 2013, SARWAT ET AL.
2013). These techniques can also help in
determining initial responses, which are useful for
the early disease detection (MARTINEZ-FERRI et
al. 2016). The quantum efficiency of photosystem
II (fluorescence ratio) and the chlorophyll index are
the most commonly used in situ techniques for non-
destructive evaluation (BAKER 2008).

Fluorescence can be determined by
induction with modulated or continuous light being
the latter more accurate determining efficiency in
photosystem II and is easily adaptable to in situ
conditions (Moreno et al. 2008). The ratio (Fv/Fm)
between the maximum fluorescence (Fm) and the
variable fluorescence (Fv) 1is important for
determining the quantum efficiency of photosystem
I through electron transport rate (MORENO ET
AL. 2008, ASHRAF; HARRIS 2013;).

The value of Fv/Fm depends on factors such
as the length of the leaf before dark acclimation , the
duration and intensity of light exposure, and
chlorophyll content ( HALL; RAO 1999, WENG;
LAI 2005, BUCHNER ET AL. 2013) . These
factors may vary among and within a species or
cultivar, for example, with P. americana ' Duke 7
‘and “Toro canyon’.

Quantifying photosynthetic pigments as
chlorophylls a, b and total can be performed by
extracting them in organic solvents followed by
analysis in a spectrophotometer (KHACHIK et al.
1986) or by indirectly using a chlorophyll meter
(RICHARDSON et al. 2002). The ratio of
chlorophyll a/b is considered a measure of the light
harvesting antenna size where a/b > 4 indicates a
small PSII antenna (Matsubara et al. 2011) which is
characteristic of a sun-adapted leaf. However, low
ratio of Chlorophylls a/b (< 4) suggests a higher
RuBisCO concentration and collecting stacking
thylakoids. At the same time, in conditions of high
irradiance, increasing in Chl a/b ratio suggests the
decrease in chlorophyll PS II and increment in PS I
(REED et al. 2012).

Based on previously mentioned and due to
the lack of parameters for photosynthetic efficiency
(Fv/Fm) and for chlorophyll index measuring.
Hence, the objective of this study was to establish
parameters that can be used to develop a protocol
for evaluation of these characteristics in situ for
avocado seedlings.
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MATERIAL AND METHODS

At the the Universidade Estadual Paulista,
Faculdade de Ciéncias Agrdrias e Veterinarias,
Jaboticabal, (SP-Brazil) (21° 15'17 "S, 48 °
19'20"W), between May and June, healthy seeds of
avocado, P. americana ‘Duke 7’and ‘Toro canyon’,
were obtained from one open-pollinating tree
located in the germplasm bank.

The seeds were disinfected with sodium
hypochlorite (NaOCI) 1% (a.i.) for 30 minutes, and
a 1-in portion from the apex seed was removed.
Then, the seeds were sown in pots containing two
liters of the commercial substrate Plantmax™
previously sterilized with vapor heat, then, placed
and maintained in a shade house (53.42 p mol m™s™
and 22 +0.9'C). The plants were irrigated daily and
no fertilizer or pesticides were used.

Each experimental unit consisted of seven
6-mo-old plants, without visible signs of stress, and
in a factorial arrangement with a completely
randomized design. The quantum chlorophyll index
and efficiency of photosystem II were each
evaluated.

A chlorophyll meter (Falker, mod.
ClorofiLOG) was used to measure chlorophyll
indices from the 2™ to the 14" fully expanded leaf in
basipetal direction. Each replication involved four
measurements taken on both, right and left leaf side.
The chlorophylls a/b ratio was calculated.

To determine the quantum efficiency of
photosystem II (Fv/Fm), variables were analyzed as
follows in a 6 x 6 x 4 factorial arrangement: 6 dark
acclimation time (5, 10, 15, 20, 25, and 30 min), six
light exposure intensities (50, 60, 70, 80, 90, and
100%), and four light exposure times (3, 5, 7, and 9
seconds).

A portable flurometer was used to measure
the fluorescence (Hansatech, mod.PEA MK2,
Company, City, State, Country). This had a unit
combining sensor-and lighting, with the latter
providing red light (560 pmolm™s™) for each 4-mm?®
leaf area.

In order to quantify fluorescence efficiency ,
were measured FO, Fm and the Fv/Fm ratio; where:
FO = initial fluorescence, Fm = maximum
fluorescence and Fv = variable fluorescence (FO-
Fm) (Oquist &Wass 1988). Measurement of FO,
Fm, and Fv/Fm were performed within the plant
profile and on the right and left sides of the surface
of seventh leaf. Before measurement, the leaves
were provided with 25 minutes of dark acclimation
and 100% light intensity for 7 seconds.

The color spectra for P. americana leaves
were analyzed for, both, "Toro canyon' and 'Duke 7'.
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The leaves were collected from upper to lower
direction on the plants and scanned using the Image
Scanner III™. The images were analyzed with
Image Master Software 2D Platinum ver. 7.0 ™,
using a green-blue filter.

Means were compared using factorial
ANOVA and-regression analyze was adjusted when
difference was significant .

RESULTS

Chlorophyll index in the plant profile

Chlorophyll index

970
GUTIERREZ RODRIGUEZ, E. A. et al

Values for the chlorophyll index in the plant
profile of ‘Duke 7’ increased with the leaf maturity
while those in ‘Toro canyon’ remained constant.
‘Duke 7’ showed higher indices for chlorophyll a, b,
and total from leaves 9 to 14 without difference
between these (Figure 1) while, in TC was not
different, in total chlorophyll (p = 0.83), chlorophyll
a (p = 0.72), and chlorophyll b (p = 0.84). In 'TC'
seedlings, the mean chlorophyll indices were 37.3
(cv =8.65 %), 13.8 (cv = 20.84 %), and 51.1 (cv =
11.30 %), for chlorophylls a, b, and total,
respectively.

Leaf position
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Figure 1. Regression analysis of chlorophyll index in the profile of P. americana seedlings cv. Duke 7'.

In leaves of "Toro canyon', the mean ratio
for chlorophyll indices a/b was 2.7 and did not differ
significantly among leaves in the plant profile.
However, leaves of Duke 7' exhibited a negative
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quadratic relationship with a mean 4.96 for the
second leaf, and the ratios and decreased as the
leaves become older, with 2.8 in leaf 14" (Figure 2).
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Figure 2. Regression analysis of chlorophyll a/b ratio in the profile of seedlings of P. americana ‘Toro

Canyon’ (TC) and ‘Duke 7’ (D7).
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There was variation in the color and the
spectrum of leaves trough the profile. The spectrum
of 'Toro canyon’ leaves was more homogeneous
through the plant profile, while for Duke7' leaves,

become more homogenous from
(Figure 3)
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Figure 3. Leaf color spectra for Persea Americana "Toro canyon'(left) and 'Duke 7'(right) scanned with Image
Scanner III™ and analyzed with Image Master software 2D Platinum ver. 7.0™. Numbers indicate

leaf positions indicating in basipetal direction.

Instrument  parameters  for
photosynthetic efficiency

For 'Duke7' (Table 1) and 'Toro canyon'
(Table 2), there was significant interaction between
the three factors: light exposure time and intensity

with the dark acclimation time, on the Fv/Fm ratio.

determining

The exception was for the 'Duke 7', in which the
interaction between light intensity and exposure
time was not significant, although variation in the
photosynthetic efficiency with light intensity was
independent of exposure time.

Table 1. Analyses of variance for the main effects and interactions between light intensity, time of dark
acclimation, and light exposure time for determining photosynthetic efficiency (Fv/Fm) in P.

americana 'Duke7' seedlings.

Variance source F
Light intensity (A) 67.50%*
Time of dark acclimation (B) 79.25%*
Time of light exposure (C) 21.45%%*
AxB 4.15%*
AxC 1.49ns
BxC 14.11%*
AxBxC 1.65%*
SD 0.014
C.V (%) 1.85

** indicate significant differences according to Tukey’s test (P < 0.01).
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Table 2. Analyses of variance for the main effects and interactions between light intensity, time of dark
acclimation, and of light exposure time for determining photosynthetic efficiency (Fv/Fm) in P.

americana "Toro canyon' seedlings.

Variance source F

Light intensity (A) 74.07 **
Time of dark acclimation (B) 63.43 **
Time of light exposure to light (C) 21.06 **
AxB 2.33
AxC 10.72 **
BxC 1.80 *
AxBxC 3.15 **
SD 0.015
C.V (%) 1.90

** indicates significant differences according to the Tukey test (P <0.01).

For 'Duke 7' seedlings, 25-30 min of dark
acclimation resulted in a high Fv/Fm ratio; but it
was dependent on the other factors (Figure 4).
When the leaves were pre-adapted for 25-30 min,
there was no difference among light exposure times.

Increasing light intensity resulted in a
significant difference when compared into the time

of dark acclimation. When the leaves were pre-
adapted between 5 and 10 minutes and used 60 to
100% of light intensity were not difference, but
when the pre-acclimation was increased, the Fv/Fm
ratio increased simultaneously. So, for 30 minutes
of pre-acclimation and 60 - 100 % of light intensity,
the interaction was no significant (Figure 4a)
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* £ 0.760 A
0.740
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0.720 - ; . ; . ;
50 60 70 80 90 100
! . 0.720 ; : : : ;
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*5 y=0,71499226+0,00054196x R*=0,7986 Dark acclimation time (min)
10 | v =0,57827084 + 0,00427072x - 0,00002336x2 R2=0,8521
A15 | y=0,76941429-0,00107271x +0,00001257x2 R2=0,9714 %5 [ A DB D GO DR — a5
%20 | v=0,64445714+ 0,00288052x - 0,00001528x2 R2=0,9074 5 | v=07844200033x- 0000012 R2= 0 6235 :
K25 | y=UJo16EL+0,0002 X07x B =002 A7 | y=0,74523083+0,00245297x - 0,00003701x* R2=0,8637
30 | y=0,76745952+0,0002493%x R*=0,8182 w9 | ¥=0,75656431-0,00114397x+0,00006794x*R>=0,7328

Figure 4. Regression analysis for components with interaction: (a) time of dark acclimation (5,10,15,20,25,30
min.) and light intensity on Fv/Fm; (b) time of dark acclimation and light exposure time (3,5,7,9
sec.) on Fv/Fm, in Persea Americana 'Duke 7'.

Fv/Fm increased as a function of dark acclimation
time. (Figure 4b).

Comparing into exposure time and light
intensity, there was no significant interaction.

However, the higher photosynthetic efficiency was
reached at an exposure time of 5 - 7 sec combined
with 90 or 100% light intensity.

The previous behavior, could be similar,
when compared the interaction between light
exposure time and pre-dark acclimation of leaf, the

For 'Toro canyon' seedlings, the lowest time
of dark acclimation when compared into the
intensity of light, limited the fluorescence
stimulation. On the other hand, regardless of the
dark acclimation time, when light intensities
increased from 50 to 100%, the Fv/Fm showed a
positive linear relationship. (Figure 5a).
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Figure 5. Regression analysis of a factorial yielding interaction between: (a) dark adaptation time and light
exposure time (3,5,7,9 sec.). (b) Time of dark acclimation (5,10,15,20,25,30 min.) and light
intensity; on photosynthetic efficiency (Fv/Fm) in P. americana "Toro canyon' seedlings.

In the same way, the lowest time of light
exposure and lighting for nine seconds using the
highest intensity did not reflect high Fv/Fm.

Furthermore, the maximum fluorescence was
observed with 90 - 100% light intensity after 7
seconds of light exposure (Figure 6).
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Figure 6. Regression analysis for the results of a factorial yielding interaction between light exposure time
(3,5,7,9 sec.) and light intensity for determining photosynthetic efficiency (Fv/Fm) of P. americana

"Toro canyon' seedlings.

The significant interaction between darkness
acclimation time for leaves and lighting time
suggested that minimizing darkness time limits the
effectiveness of the measurement. Also, regardless
of exposure time to light, when increased darkness
acclimation times led to higher Fv/Fm values,
resulting from acclimation times of 25 - 30 min
(Figure 5b). In either of the two cultivars, there was
no difference in photosynthetic efficiency between
the right and left sides of the leaf with each side
yielding a mean of 0.737 (cv =4.13 %).

DISCUSSION

Chlorophyll index in the plant profile

Indicators of leaf photosynthetic capacity,
such as chlorophyll content, CO, assimilation, and
fluorescence, vary with the environment and plant
characteristics , such as the age and position of the
leaf (Hall & Rao 1999). In avocados these leaf
characteristics are highly influenced by weather
conditions and plant growth (WOLSTENHOLME,;
WHILEY 1999, OUMA 2007,).
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According with the differences between the
two avocado cultivars with their presumably
different genomes, according with Menge et al.
(2012) suggest variation in the efficiency for
harvesting energy, as observed in Duke 7° who
additionally has darker green foliage on adaxial face
as strategy to improve light harvesting (STAUFFER
1986). The fact than in this study the ninth leaf
yields the highest chlorophyll index, whereas ‘Toro
canyon' had minimal differences between these
leaves additionaly indicates difference in leaves
maturity.

In P. Americana, Guatemalan and Mexican
races have dark green foliage with relatively light
abaxial and darker adaxial leaf surfaces, with the
color difference possibly evolving to aid in light
interception (WOLSTENHOLME; WHILEY 1999).
The pigmentation is associated with chlorophylls,
carotenoids, other pigments, and accessories that
vary with factors such as leaf age, position,
nutritional status, and biotic stress. Here, the
intensity of green color can indicate chlorophyll
content thus photosynthesis ability (TAIZ; ZEIGER
2010).

Chaves (1994) wusing tobacco leaves
similarly reported that changes in pigments may be
associated with changes in photosynthetic activity,
explained by the number of stomata and
chloroplasts per unit of area and the ribulose-1, 5-
bisphosphate carboxylase/oxygenase (RuBisCO)
activity, being that increased moving up in the plant
to the sixth leaf, then decreased (CHAVES 1994).

According to Wolstenholme and Whiley
(1999), in addition to having chlorophyll and
providing sites of photosynthesis, avocado leaves
with high concentration of chlorophyll b are
functionally important since the pigmentation is
associated with  photo protection of the
photosynthetic apparatus. In the same way, small
and homogeneous green leaves, as well as short
internodes, typically of West Indian race, are
associated with evolutionary environment limited by
the irradiance.

Photosynthesis efficiency

The leaves of avocados are considered
short-lived (10-12 months) causing a rapid turnover
and physiologically they have a low light saturation
point (SCHAFFER; WHILEY 2003,
WOLSTENHOLME 2003). However, various
authors differ in estimating photosynthetic
efficiencies from avocado seedlings. For example,
comparing two avocado cultivars, for transpiration,
stomatal conductance, and CO, assimilation, under
stresses caused by P. cinnamomi and flooding the
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plants were pre-adapted to darkness for 30 minutes
and measured on the fifth expanded leaf (PLOETZ;
SCHAFFER 1987) . Furthermore, Wolstenholme
and Whiley (1999), did not provide descriptions of
parameters measured for chlorophyll fluorescence
when they used it as an stressful temperature under
orchards conditions .

In the present study, 'Duke 7' seedlings with
nine seconds of light exposure showed decreased
photosynthetic efficiency values, suggesting that,
using these parameters, the photosystems became
saturated. By contrast, when provided with lower
light saturation and shorter dark acclimation times,
fluorescence parameters were lower than with
exposures of 90 - 100% of maximum lighting.

High light saturation during short periods in
darkness pre-adapted leaves can over-saturate the
ability of the photosystem for electrons transport
without this represent the maximum fluorescence
potential (Fm) (PAPAGEORGIOU  2004).
Similarly, constant lighting at high intensity causes
a decrease in initial (FO) and maximal (Fm)
fluorescence (PAPAGEORGIOU 2004). According
with this information, we observed that when
lighting time was assessed, in 'Duke 7' and "Toro
canyon' the maximal Fv/Fm reached was subject to
the saturation intensity.

According to Papageorgiou (2007), when
the lighting does not reach an intensity sufficient to
saturate, the fluorescence will reach a peak, which
does not correspond to the maximum fluorescence
signal (Fm) of photosystem. Relating to the time
required for darkness acclimation for direct
measurement of the fluorescence, according with
Moreno et al. (2008) this step allows the reduction
of the reaction center of photosystem II (PS II) to
assess the behavior after saturating, being
commonly used between 10 and 30 minutes before
light exposure for 1 to 10 seconds.

In this study, for each darkness acclimation,
comparing the intensity and lighting time, was
obtained a peak in the fluorescence, however,
receiving 25 -30 min of acclimation, appeared
optimal with both avocado cultivars.

According to Schaffer and Whiley (2003),
when plants are adapted to the darkness, with the
PSII system “closed”, the duration of the phases for
maximal fluorescence is dependent to local lighting
conditions: leaves growing in the shade need a
higher irradiance to saturate the entire canopy
compared with leaves exposed to full sun.

Finally, for both cultivars, exposure at 100%
irradiance for 7-9 seconds before dark acclimation
for 25 - 30 min resulted in the highest Fv/Fm values
(0.790 -0.800). According with Ashraf and Harris
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(2013), in healthy leaves, the Fv/Fm ratio is usually
about 0.800 for most plant species. Lower values
may result from photo inhibition caused by stress
(ALVES et al. 2002, BAKER 2004, VAZ;
SHARMA 2011, ZLATEV 2014).

CONCLUSIONS

Among the 'Duke 7' and Toro canyon'
seedlings, there were differences in chlorophyll
indices and photosynthetic efficiencies.
Determination of chlorophyll indices (Chlorophylls
a, b, and total) on 'Duke 7' was best performed from
the eight leaf and For "Toro canyon', there was no
difference among leaves.

The highest Fv/Fm value for each cultivar,
could be performed equally in either the left or right
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side of the leaf, at 90 - 100% light intensity, 7
seconds of light exposure, and after 25 -30 min of
darkness acclimation, suggesting be most adequate
combination when measuring photosynthetic
efficiency.
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RESUMO: Os pardmetros padronizados para avaliagdo do estresse fisioldgico de plantas, tais como indice de
clorofila: fluorescéncia do fotossistema II, sdo essenciais para medir as reagdes de plantas a condi¢des de estresse. Para
auxiliar na padronizacdo dos parametros para os indices de clorofila de clorofilas a, b e total e a fluorescéncia do
fotossistema II (Fv / Fm), que sdo indicadores fisioldgicos de condigdes de estresse, mudas de 6 meses de idade, de Persea
americana Mill. Cv. Duke7' e "Toro canyon' foram avaliadas sob condicdes casa de vegetacdo. Para cada planta, indices de
clorofila foram medidos da segunda até a décima quarta folha completamente expandida. A fluorescéncia foi medida na
terceira, quinta, sétima e nona folha totalmente expandida, e determinada em fun¢@o do tempo e intensidade de exposi¢do
a fonte de luz, assim como do tempo para pré-adaptacio da folha no escuro; também foram comparados entre o lado
direito e esquerdo das folhas. Os indices de clorofila ndo foram diferentes entre os lados direito e esquerdo das folhas, mas
foram entre diferentes variedades com Duke 7' tendo o valor mais alto a partir da oitava folha, enquanto que as de "Toro
canyon' ndo mostraram diferenca. Para Fv/Fm, houve interacdo entre os trés fatores em ambas as cultivares. O tempo
prolongado de exposicdo (nove segundos), tempo curto para aclimatacdo no escuro, e baixa intensidade de exposi¢do nao
induziu niveis maximos de fluorescéncia. Em ambas as cultivares de abacate, 100% de exposi¢ao a intensidade maxima de
luz durante 7 segundos, apds 25 a 30 minutos de adaptacdo no escuro, foi a combinacido mais adequada para a medicio da
eficiéncia fotossintética.

PALAVRAS CHAVE: Abacateiro. Indice de clorofila. Fv/Fm. Fotosistema II. Pardmetros fisiolégicos.
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