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ORIGINAL ARTICLE Open Access

Natural Diversity in Stomatal Features of ")
Cultivated and Wild Oryza Species

updates
Jolly Chatterjee'@®, Vivek Thakur'?, Robert Nepomuceno'?, Robert A. Coe'*, Jacqueline Dionora’,
Abigail Elmido-Mabilangan', Abraham Darius Llave', Anna Mae Delos Reyes', Apollo Neil Monroy', Irma Canicosa’,
Anindya Bandyopadhyay', Kshirod K. Jena®, Darshan S. Brar”® and William Paul Quick'”"

Abstract

Background: Stomata in rice control a number of physiological processes by regulating gas and water exchange
between the atmosphere and plant tissues. The impact of the structural diversity of these micropores on its
conductance level is an important area to explore before introducing stomatal traits into any breeding program in
order to increase photosynthesis and crop yield. Therefore, an intensive measurement of structural components of
stomatal complex (SC) of twenty three Oryza species spanning the primary, secondary and tertiary gene pools of
rice has been conducted.

Results: Extensive diversity was found in stomatal number and size in different Oryza species and Oryza complexes.
Interestingly, the dynamics of stomatal traits in Oryza family varies differently within different Oryza genetic
complexes. Example, the Sativa complex exhibits the greatest diversity in stomatal number, while the Officinalis
complex is more diverse for its stomatal size. Combining the structural information with the Oryza phylogeny
revealed that speciation has tended towards increasing stomatal density rather than stomatal size in rice family.
Thus, the most recent species (i.e. the domesticated rice) eventually has developed smaller yet numerous stomata.
Along with this, speciation has also resulted in a steady increase in stomatal conductance (anatomical, gmay) iN
different Oryza species. These two results unambiguously prove that increasing stomatal number (which results in
stomatal size reduction) has increased the stomatal conductance in rice. Correlations of structural traits with the
anatomical conductance, leaf carbon isotope discrimination (A'C) and major leaf morphological and anatomical
traits provide strong supports to untangle the ever mysterious dependencies of these traits in rice. The result
displayed an expected negative correlation in the number and size of stomata; and positive correlations among the
stomatal length, width and area with guard cell length, width on both abaxial and adaxial leaf surfaces. In addition,
Gmax is found to be positively correlated with stomatal number and guard cell length. The A'C values of rice
species showed a positive correlation with stomatal number, which suggest an increased water loss with increased
stomatal number. Interestingly, in contrast, the A'C consistently shows a negative relationship with stomatal and
guard cell size, which suggests that the water loss is less when the stomata are larger. Therefore, we hypothesize
that increasing stomatal size, instead of numbers, is a better approach for breeding programs in order to minimize
the water loss through stomata in rice.

(Continued on next page)
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rice cultivars.

Conclusion: Current paper generates useful data on stomatal profile of wild rice that is hitherto unknown for the
rice science community. It has been proved here that the speciation has resulted in an increased stomatal number
accompanied by size reduction during Oryza's evolutionary course; this has resulted in an increased gax but
reduced water use efficiency. Although may not be the sole driver of water use efficiency in rice, our data suggests
that stomata are a potential target for modifying the currently low water use efficiency in domesticated rice. It is
proposed that Oryza barthii can be used in traditional breeding programs in enhancing the stomatal size of elite

Keywords: Stomatal diversity, Wild rice, Oryza, Maximum stomatal conductance (anatomical), Gmax

Background

Stomata are microscopic pores on the surface of a wide
range of plant tissues and most commonly associated
with the leaves. Stomatal architecture plays a crucial role
in optimizing the gas and water exchange within plant
tissues (Cowan 1977; Farquhar et al. 1980; Kanemura
et al. 2005; Lawson et al. 2014). Generally, the stomatal
complex (SC) in grass species is structured by two guard
cells (GC) accompanied by two subsidiary cells (SB) at
the sides (Fig. 1, schematic) which work hand in hand.
The paired guard cells help in opening of the SC aper-
ture, whereas, the subsidiary or the accessory cells facili-
tate ionic balance controlling the opening and closing of

the GCs (Peterson et al. 2010). Rice stomatal complex
(SC) is comprised of two dumbbell-shaped GCs parallel
to two SBs at the sides (Luo et al. 2012) separated by a
series of long and short epidermal cells (Metcalfe 1960).
The density and the size of these pores compared to
other epidermal cells controls the maximum conduct-
ance of gas and water vapor through these openings.
Extensive research has been conducted into the develop-
ment of stomata in Arabidopsis (reviewed in Bergmann
and Sack 2007), involving the function of Epidermal Pat-
terning Factor (EPF) gene cascades (Hara et al. 2007),
and molecular regulators of opening and closing of the
guard cells (Misra et al. 2015; Murata et al. 2015), which

AN~V

Rice Stomatal Complex (SC)

Length of stomatal complex (SCL)
Width of stomatal complex (SCW)
Length of closed GC pair (GCL)
Width of closed GC pair (GCW)

Pore length p = GCL/2
Pore depth /=GCW/2

stoma lies parallel to the leaf lateral axis

Maximum area of the open stomatal pore a,,,, = (p/2)*=n (GCL/4)?

Fig. 1 Schematic representation of a pair of rice stomatal complex (SC), accompanied with guard cells (GC), subsidiary calls (SB); and epidermal
cells (EP). The diamond shaped SC is structured by two long guard cells, two adjacent subsidiary cells. These are separated by files of epidermal
cells. The diagram shows the length (L, the longer diameter of the stomata) and the width (W, the shorter diameter of the stomata) of SC and
closed GC pair. GCL and GCW are used to calculate the stomatal pore length (o) and depth (/). 77 is the mathematical constant which is 3.14. Pore
length, pore depth and a.x is calculated according to equation of Franks and Farquhar 2001, 2007. Counting of stomata and physical
measurements of all the dimensions and area of SC and GC were performed using Image J image processing software. The long axis of the
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are believed to work globally across a range of species
including rice. But, surprisingly, the diversity of these
tiny organs has not yet been fully documented in rice
and rice wild species. Being an important regulator of
many of the physiological processes including, photosyn-
thesis, transpiration, respiration etc., therefore, it is cru-
cial to understand the diversity in the architecture of
these pores to determine if any of the stomatal traits can
be incorporated into rice breeding program for improv-
ing yield of this crop (Jones 1987).

Rice family consists of twenty four Oryza species, of
which two are domesticated (O. sativa and O. glaber-
rima) and others are commonly known as wild rice or
non-domesticated rice (Vaughan 1994). Considering the
reproductive barrier and distance in genetic relatedness,
this large Oryza family is grouped into four different
“Oryza complexes”, which include eleven different rice
genetic backgrounds in total, typically named from AA
to KKLL (Tateoka 1962; Vaughan 1994). The Sativa
complex contains eight diploid Oryza species, the Offici-
nalis complex contains nine both diploid and tetraploid
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species, and the Meyeriana and Ridleyi complexes con-
tain four tetraploid species. The two other Oryza species,
O. brachyantha and O. coarctata are not included in any
of these complexes, but genetically belong to the Oryza
family (Lu et al. 2009). Collectively the wild species pos-
sesses a unique collection of morphological, anatomical
(Chatterjee et al. 2016; Giuliani et al. 2013) and physio-
logical traits (Zhao et al. 2010; Kondamudi et al. 2016)
that are still unused for improvement of cultivated rice.
In our previous study we have characterized these wild
rice species for leaf characters, and documented signifi-
cant diversity in leaf morphological and anatomical char-
acters, and studied the evolution of leaf traits in rice
family (Chatterjee et al. 2016). These diverse leaves are
expected to hold a fair amount of diversity in the leaf
epidermal features like stomata as well, which is exam-
ined thoroughly in this study.

In our present study we have characterized the stoma-
tal character of a total of twenty three Oryza species
(Table 1) (except the wild species O. schlechteri). We
have studied their number of stomata present per unit

Table 1 Oryza species, complexes, and IRGC accession numbers. According to standard wild rice classification and recent Oryza
phylogenetic research Oryza species of rice family are classified into four different complexes (Sativa, Officinalis, Meyeriana, and
Ridleyi) that contain different Oryza genome types (Tateoka 1962; Vaughan 1994). Oryza brachyantha and O. coarctata stand alone
because of their genetic distance from the cultivated rice, but are still included in the wild rice family (Lu et al. 2009)

Classification Genome Oryza species IRGC Accession number
Sativa complex Asian species AA O. sativa IR 64-21
AA O. rufipogon 106424
AA O. nivara 80723
AA O. glumaepatula 106242
African species AA O. glaberrima 103544
AA O. barthii 106017
AA O. longistaminata 110404
AA O. meridionalis 105301
Officinalis complex BB O. punctata 105690
CcC O. eichingeri 101422
BBCC O. minuta 101141
CcC O. officinalis 100896
cC O. rhizomatis 105659
CCDD O. alta 105143
CCbD O grandiglumis 106241
CCDD O. latifolia 105173
EE O. australiensis 100882
Meyeriana complex GG O meyeriana 89241
GG O. granulata 102118
Ridleyi complex HHJJ O. ridleyi 100821
HHJJ O longiglumis 105148
Others FF O. brachyantha 101232
KKLL O. coarctata 104502
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leaf space; length, width, area of the individual stomatal
complex; length and width of closed guard cell pair. The
maximum anatomical conductance of stomata (g,,,) ac-
cording to their structures was calculated using Farquhar
model (Franks and Farquhar 2001). These traits are cru-
cial for plants growth and water balance in plants and
widely used in crops (Shahinnia et al. 2016). The (giay)
is the theoretical maximum rate of water vapor exchange
through stomata that can be possible providing optimum
growth condition and it depends on stomatal morph-
ology. It is higher than the actual operational conduct-
ance (g.p) that happens in field. Anatomical gy, tallies
well with plants diffusive g;,,, when measured in labora-
tory condition (Dow et al. 2014a, 2014b). We have also
measured the dry matter carbon isotope discrimination
A™C values for these species. The data was used to
understand the correlations among stomatal traits, along
with other leaf traits like, leaf length, width, vein num-
bers, height, width etc. The leaf traits were previously
described in detail in Chatterjee et al. 2016. The present
study documents substantial diversity in stomatal struc-
ture in the Oryza family, which have been inter-related
with its functional features to decode how the physio-
logical parameters altered by the changes in stomatal
structure in rice.

Results

A schematic diagram of a pair of stomatal complex (SC)
is illustrated in Fig. 1. Table 2 shows the parameters we
have measured to quantify the number, structural and
functional features of stomata (SC) and guard cells (GC)
on both abaxial and adaxial leaf surfaces. Variations in
these traits are described in detail in the following sec-
tions. The traits are mainly compared to that of a popu-
lar high yielding rice cultivar IR64 (Oryza sativa) that
belongs to the Sativa complex.

Diversity in Stomatal Complex

Stomatal complexes are found to vary both in terms of
number and size in Oryza species (Fig. 2, 3, 4). Signifi-
cant variations are found at the species level, (Table S1)
and at different Oryza complex levels (Fig. 5, Table S2).
These are explained in detail in the following sections.

Stomatal Density (SD)

A detailed SD scoring for each species (Table S1) shows
that the trait varies from 224.3mm™ > (O. longiglumis,
Ridleyi complex) to 479.8 mm™? (O. nivara, Sativa com-
plex) in the abaxial side, and from 143.7mm > (O.
meyeriana, Meyeriana complex) to 362.7 mm™ > (O. rufi-
pogon, Sativa complex) on the adaxial side. Among the
cultivated species, SD is higher in African cultivated rice
O. glaberrima (SD,, =436.5 mm™ 2, SD,q = 328.6 mm ™ ?)
compared to Asian cultivated rice O. sativa (SDy, =
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393.7 mm ™2, SD,q=317.5mm" 2). Except in O. austra-
liensis, the SD is always higher on the abaxial leaf side.
For other species, the difference in SD,;, and SD,4 varies
from a number of 3.2 mm~2 (in O. longistaminata) to
173mm"? (in O. officinalis). This eventually creates an
impact in the ratio of the adaxial vs. abaxial stomatal
number, which varies from 0.51 (O. officinalis) to 1.05
(in O. australiensis).

SD varies significantly among different Oryza com-
plexes too. The average SD is highest in Sativa complex
(Fig. 5). The species of the Sativa complex have the high-
est stomatal density mm™ > leaf area, ranging from 234.9
mm™? to 479.8 mm™ 2 on the abaxial and from 208.7—
370.2mm" 2 on the adaxial side, and thus possess the
highest diversity for this trait (SDgp, =64.42%, SD,q=
51.96%, Table S2). SD varies from 250.8 to 398.4 mm™ 2
on the abaxial and from 181.7 to 273.0 mm™ 2 on the ad-
axial side in the Officinalis complex. The SD diversity in
the species of Meyeriana, Ridleyi and Other (M-R-O)
complexes individually are quite low compared to the
Sativa and the Officinalis complex, and the actual num-
ber collectively ranges from 224.3 to 316.7 mm 2, and
from 143.7 to 223.8 mm™ > of leaf area in the abaxial and
adaxial leaf surfaces respectively. The actual number of
stomata is minimal in the Ridleyi complex. Oryza rufipo-
gon, O. nivara, O. glaberrima and O. meridionalis have
significantly higher stomatal numbers (range SD,j, =
420-479.8 mm™ >, SD,q=331.4-3702mm > on both
abaxial and adaxial surfaces compared to IR64.

Diversity in Stomatal Length (SCL), Width (SCW) and Area
(SCA)

Both the abaxial and adaxial SCL varies significantly in
different Oryza complexes (Fig. 5), SCL measurements
show longer stomata on average in Ridleyi and Other
complexes, compared to that in Sativa and Officinalis
and Meyeriana (Table S2). Overall, the SCL varies al-
most two folds among the Oryza species, from 17.4 pum
(in O. meridionalis, Sativa complex) to 36.0 um (in O.
coarctata, undefined complex) on the abaxial side and
from 16.1um (O. granulata, Meyeriana complex) to
319 um (O. grandiglumis, Officinalis complex) on the
adaxial side (Table S1). This trait is most diverse in the
species of Officinalis complex, Table S2, (GD, SCL,, =
51.7%, SCL,q=49.9%), with the actual values ranging
from 194um - 323pum on the abaxial and from
19.4 pm — 31.9 pm on the adaxial side. The range of SCL
varies in the Sativa complex from 17.4-28.3 um on the
abaxial and from 18.6-25.4 um on the adaxial side. SCL
varies from 18.0-36.0 um on the abaxial and from 16.1-
29.7 um on the adaxial side of leaf collectively in the spe-
cies of the Meyeriana, Ridleyi and other (M-R-O)
complexes.
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Table 2 List of traits studies for stomatal structure and functional variation

Stomatal density / mm? at the abaxial side of leaf

Stomatal density / mm? at the adaxial side of leaf

Length of the stomatal complex at the abaxial side of leaf

Length of the stomatal complex at the adaxial side of leaf

Width of the stomatal complex at the abaxial side of leaf

Width of the stomatal complex at the adaxial side of leaf

Area of the stomatal complex at the abaxial side of leaf

Area of the stomatal complex at the adaxial side of leaf

Length of the closed guard cell pair at the abaxial side of leaf

Length of the closed guard cell pair at the adaxial side of leaf

Width of closed guard cell pair at the abaxial side of leaf

Width of closed guard cell pair at the adaxial side of leaf

Inter-stomatal distance along the leaf length at the abaxial side of the leaf
Inter-stomatal distance along the leaf length at the adaxial side of the leaf
Length of the epidermal cell at the abaxial side of leaf

Width of the epidermal cell at the abaxial side of leaf

Vein density mm ™" leaf lateral space

Leaf length from base of the leaf to tip

Leaf width measured from margin to margin at the middle of the leaf

Leaf thickness measured as the height of the leaf transverse section image at the middle of leaf
Total number of stomata in the abaxial side computed as SD,p x LL x LW

Stomatal conductance to water vapour at the abaxial side of leaf

Stomatal conductance to water vapour at the adaxial side of leaf

Total stomatal conductance to water vapour

Ratio between adaxial vs abaxial stomatal conductance

Type Abbreviation Unit Explanation
Structural traits SDap count
SDag count
SClap pum
SClag pm
SCWap um
SCWaq pum
SCAub pm?
SCALg pm?
GCl,p um
GClag pm
GCW,p um
GCW, g um
SCyistance_ab pm
SCyistance_ad pm
EPL,p pum
EPW,p, pm
VD count
VH pm Height of minor vein
VW um Width of minor vein
LL cm
LW cm
LAtotal cm? Approximate leaf area (LL x LW)
LT pum
Total stomata_,,  count
Functional traits  Grmax_ab mol m? s’
Grmax_ad mol m? s’
Imax_total mol m? s
Omax_ad:ab ratio
APC %o

C'? vs. C'? discrimination ratio in leaf dry matter

Leaf water conductances are derived from the stomatal structural features according to Franks and Farquhar 2001. Leaf traits are measured in our previous study

by Chatterjee et al. 2016

Consistent to the stomatal length, the width (SCW)
also varies almost two folds, from 11.1 um (in O. meri-
dionalis) to 21.2 um (O. coarctata) on the abaxial surface
and from 11.5 (O. sativa) to 17.7 um (O. australiensis)
on the adaxial surface (Table S1). Except in Meyeriana,
the species of Officinalis, Ridleyi and Others (M-R- O)
show greater stomatal width than the species of Sativa
complex (Fig. 5). The SCW,;, is most diverse in the Offi-
cinalis complex (SCW, =49.92%, SCW 4 = 37.5%, Table
S2) and the actual value of this trait ranges from 11.6—
18.8 pm on the abaxial and from 12.1-17.7 pm on the
adaxial side. This is followed by species of the Sativa
complex, which vary from 11.1-15.0 um on the abaxial
side, and from 11.5-13.6 um on the adaxial side. The
width varies from 11.9-21.2 um in the abaxial and from

11.5-16.6 um on the adaxial side collectively in the
species of Meyeriana, Ridleyi and Other (M-R-O)
complexes. It is easily noticeable that to compensate
for the fewer number, stomata are often larger and
slender in shape (in at least 70% of cases) on the ad-
axial surface. In O. sativa, the SCW,q is 19% larger
than SCW,, (Table S1).

The diversity in SCA is even greater, as an added effect
of the variation, noticed in length and width. This is the
most diverse trait (GD = 147.69%) among all the traits
studied, followed by SD.q (91.43%) in Table S2. The
species of Sativa complex contain smaller stomata in
average compared to other groups (Fig. 5). SCA is sig-
nificantly different in the Sativa and Officinalis complex
in abaxial side, with smallest stomata in Sativa complex
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Sutiva Complox Oryza glaberrima

Oryza meridionalis

RS P g S

Fig. 2 Stomatal diversity in Oryza “Sativa Complex”. Files of stomata are arranged in parallel on the surface along the length of the leaf. Some of the
stomatal complexes are shown by red arrows. Scale bar is 50.0 um. The images are captured from the abaxial epidermal layers after scraping of leaf
tissues, under 40x magnification with 10x eyepiece of a BX51 light microscope (Olympus). The oval shapes are the marks of trichomes on the leaf.
Difference in number and size in stomata is very prominent in the species. Note the larger stomata of O. glaberrima, O. barthii and smaller stomata of

O. nivara and O. meridionalis as compared to Oryza sativa. Red lined boxes are the zoomed part of the leaves showing stomatal features
. J
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)

Fig. 3 Stomatal diversity in Oryza “Officinalis Complex”. The images are captured from the abaxial epidermal layers after scraping of leaf tissues,
captured under 40x magnification with 10x eyepiece using BX51 (Olympus). The oval shapes are the marks of trichomes on the leaf. The
Officinalis complex varies more in terms of the size of stomata than the number of stomata. Some of the stomata are marked by red arrows.
Scale bar is 50.00 pm. Red lined boxes are the zoomed part of the leaves showing stomatal features

in average. But the SCA are similar in average in these
two complexes on the adaxial side (Fig. 5). Although,
both of these SCA,q are quite smaller than SCA.q of
Ridleyi complex in the M-R-O group (Table S2). Overall,
the SCA ranges from 128.0um?> (O. meyeriana) —
454.7 pm2 (O. coarctata) on the abaxial and from
139.1(0. granulata) — 323.5um?> (O. grandiglumis) on

the adaxial side (Table S1). This trait varies from 150.1—
233.9 um? on the abaxial and from 163.4-263.6 um> on
the adaxial side within the Sativa complex (Table S2).
This varies even greater in the species of the Officinalis
complex with a range from 158.0-338.3 um?” on the ab-
axial and from 173.4-323.5 um” on the adaxial side of
the leaf. The SCA varies from 128.0—454.7 um” on the

A Meyeriana Complex
Oryza meyeriana

B Ridleyi Complex
Oryza ridleyi

C Others

Fig. 4 Stomatal diversity in M-R-O, i.e, Meyeriana (a), Ridleyi (b) and Other
and O. brachyantha; and significantly larger in O. ridleyi, O. longiglumis and O. coarctata as compared to O. sativa (Fig. 2). Some of the stomata are
marked by red arrows. Scale bar is 50.00 um. Red lined boxes are the zoomed part of the leaves showing stomatal features

(c) complexes. Stomata are much smaller in O. meyeriana, O. granulata

Oryza granulata
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Fig. 5 Box plots show number and structural diversity of stomatal complex in Oryza; Sativa, Officinalis and M-R-O (Meyeriana, Ridleyi and Others)
complexes. A detailed value for each species, and range of diversity for each complex are given in Table ST and in Table S2. Boxes shows 25th to
75th percentile, horizontal line represents the median and whiskers indicate the minimum and maximum values. Different letters represent
significant difference in different complexes for the concerned trait (at P < 0.05). The values on the adaxial leaf side are of excluding O. coarctata.
Sativa complex contains eight, Officinalis complex contains nine, and Meyeriana, Ridleyi and Others (M-R-O) together contains six Oryza species.
Stomatal number is counted from 15 random images taken from the middle portion of the leaf from 3 leaves per species. SCL, SCW, SCA are
measured from 25 random stomatal images for each species

\

abaxial and from 139.1-322.3 um?® on the adaxial side Variation in Guard Cells (GC)

collectively in the species of the Meyeriana and Ridleyi =~ Guard cells, the primary determinant of the rates of
complexes. The stomata of Oryza coarctata (SCA,,=  gas exchange, vary significantly (P<0.001) among
454.7 um?) are almost double the size of those of IR64  the Oryza species (Fig. 6, Table S3) and Oryza com-
(SCA,, =221.6 pmz). plexes (Table S4). Distant complexes (M-R-O) show
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Fig. 6 Box plots represent the diversity in guard cell size in Oryza; Sativa, Officinalis and M-R-O (Meyeriana, Ridleyi and Others) complexes. A
detailed value scored for each species, and range of diversity for each complex is given in Table S3 and in Table S4. GCL, GCW were measured
from 25 random stomatal images for each species. Boxes shows 25th to 75th percentile, horizontal line represents the median and whiskers
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values on the adaxial leaf side are of excluding O. coarctata. Sativa complex contains eight, Officinalis complex contains nine, and M-R-O contains
six Oryza species

a wide range of GC pairs, where the species of
Ridleyi and Other complexes contain larger GC pairs
and species of Meyeriana contain smaller GC pairs
(Table S4). The length of the GC pair varies from
9.1 (O. granulata) to 21.8 um (O. barthii) on the ab-
axial and 11.7 (O. granulata) to 22.9 um (O. barthii)
on the adaxial leaf surface. The width of the GC pair
varies from 5.4 (O. rhizomatis) to 9.6 (O. bra-
chyantha) pm on the abaxial and from 5.4 (O. gran-
ulata) to 8.7 (O. brachyantha) pm on the adaxial
leaf surface. While in most of the species the length
of the guard cells are almost twice than the width,
the stomata of O. sativa, O. rufipogon, O. glaberrima,
O. barthii have longer guard cells than rest. In con-
trast, the stomata of O. nivara, O. granulata, O. bra-
chyantha contain wider guard cells compared to
others. Overall, the length is more diverse than the
width, showing a maximum overall diversity in abax-
ial GCL (78.70%) and minimum diversity in adaxial
GCW (50.70%) in Table S4. The GCL varies most in
the Sativa complex (67.09% and 69.6% in the abaxial
and adaxial side respectively), whereas, the GCW is
more variable in the Officinalis complex (42.0% and
34.8% in the abaxial and adaxial side respectively).

Variation in Stomatal Functional Traits; Maximum
Conductance (gmax) and Leaf Carbon Isotope
Discrimination (A'3C)

Significant diversity prevails in stomatal functional traits
in different Oryza complexes (Fig. 7). Sativa complex
shows the highest conductance followed by Officinalis
and Other complexes. The value of A'>C is also highest
in Sativa complex. Overall, the maximum anatomical
water conductance through stomata (gmax total) varies
more than three folds among Oryza species (Table S5).
Conductance through the abaxial side is the most di-
verse trait among the studied functional parameters
(GD = gmax_ab 115.00%, Table S6). Except in O. longista-
minata and O. australiensis, which have slightly higher
conductance through the adaxial stomata; and in O.
granulata, which has similar g, values in both sides,
the overall conductance through the abaxial surface
(@max_ap) is 30% higher than the conductance through
the adaxial surface (gmax ad)) The gmax is much higher in
the cultivated species than wild species, except in wild
rice O. rufipogon, which has an intermediate value of
Zmax_total Of 7.0 mol mm~%s” !, compared to the two cul-
tivated species O. sativa (gmax tota = 6.5 mol mm~2s™ 1)
and O. glaberrima (gmax total = 7.2 mol mm~2s™ ). The
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Fig. 7 Box plots represent the diversity of stomatal maximum
anatomical conductance to water vapor through abaxial and adaxial
leaf surface, total conductance and carbon isotopic discrimination
property of different Oryza complexes; Sativa, Officinalis and M-R-O
(Meyeriana, Ridleyi and Others). The values of these traits for each
species, and range of diversity for each complex is given in Table S5
and in Table S6. Boxes shows 25th to 75th percentile, horizontal line
represents the median and whiskers indicate the minimum and
maximum values. Different letters represent significant difference in
Grax_ab (@t P <0.05), Gmax_ad (@t P<0.001) and Gmax_total (@t P < 0.01).
The values on the adaxial leaf side are of excluding O. coarctata.
Sativa complex contains eight, Officinalis complex contains Nine,
and M-R-O contains six Oryza species. A"*C values are obtained from
3 replications for each species. A'*C values differ significantly (at P <
0.05) among Oryza complexes

African cultivated rice Oryza glaberrima has the highest
conductance (gmax totas = 7.2 mol mm~ 257 among all
the Oryza species. Diversity in gmax totar is highest in the
Sativa complex followed by Officinalis, Meyeriana and
Ridleyi complexes.

Leaf carbon isotope discrimination, (A3C) values,
were used as an estimate of the leaf level WUE; (McCar-
roll and Loader 2004; Saurer et al. 2004). An increase in
the AC value reflects a lower WUE,; and vice versa.
Many of the wild species show lower AC or discrimin-
ation than domesticated O. sativa and O. glaberrima
(Table S5). For instance, AC is =19.6%o in O. grandi-
glumis and is lower than the A C=of 23.1%0 in O.
sativa, suggesting higher water conservation in these
wild species (Table S5). Overall diversity is quite low in
this trait (17%) and the lowest amongst all of the studied
traits (Fig. 7, Table S6). The Officinalis complex is the
most diverse (16.3%) for this trait (Table S6).

Structure-Function Relationships in Rice Stomatal Traits
In an attempt to link the stomatal structural features to
its function, we have carried out a Pearson Correlation
analysis (Fig. 8) followed by phylogenetic correction (as
in paper of Brodribb et al. 2013). Both the normal and
phylogenetically corrected “r” values are presented diag-
onally at the top and the bottom of the r matrix in Fig. 8,
highlighting the significant correlations between traits
(at P<0.05). In this correlation analysis, we have in-
cluded the data of the vein and leaf architecture from
our previous leaf anatomy paper (Chatterjee et al. 2016)
to provide a deeper understanding of how the stomatal
traits vary with different leaf architectures.

Both negative and positive associations are found to
work either antagonistically or supportively to optimize
the final function of a leaf. A number of important posi-
tive correlations (Fig. 8) are found within different com-
ponents of the stomatal size, guard cells (GC) and
epidermal cells (EP), which are all positively related to
each other (Fig. 9a). Another group of positive
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correlations lies among the traits of vein (VW, VH) and
leaf morphological components (LL, LW, LA, LT, etc.),
which are positively related to each other (Fig. 8 matrix).
In the upper diagonal (Fig. 8), the non- corrected r
values show clear negative trends between stomatal
number and all of the measured stomatal size parame-
ters, which are statistically significant for SCA and EPL
(Fig. 9b, the EP actual values are in Table S7). The inter-
stomatal distance appears to be negatively related to al-
most all of the leaf and vein related traits (actual values
of leaf traits are in Table S8, Chatterjee et al. 2016). Vein
density (VD) is negatively correlated with SD, total sto-
mata in leaf (Fig. 9b) and vein height, width and other
leaf related traits, and gmayx, Fig. 8 (e.g., VD: gmax total ' =
- 04, P<0.05).

In many instances, the r values show stronger relations
after the phylogenetic correction. For example, the nega-
tive relationship of SD with SCA, GCL; the negative cor-
relations of SCyistance With SD and SCL; and the negative
correlations of GCL with SD, total stomata and A"*C are

much stronger after phylogenetic correction (Fig. 8).
Similarly, some of the positive relations like: the SCL
and SCA with g,.,; the GCL with VD, VH; and the EPL
with LW, LA, LT, total stomata, A'>C are stronger and
very prominent after the correction (marked by thick
borders in Fig. 8). The positive correlations of LT with
SC and GC width suggest that thicker leaves should have
bigger size stomata in rice.

Figure 8 shows the gnay tota increases with increases
in both abaxial and adaxial g,,,,. We find the stomatal
density (SD) to be positively correlated with g, and
AC (Fig. 10a, b), which are significant for abaxial and
adaxial and total g, at P<0.05. A significant negative
correlation was found between SCgistance and gnax (ex-
ample, SCistance’ @max_total 7 =— 0.4, P <0.05, Fig. 10a).
The size of the stomata and GC also increases the gnax
(Fig. 8) but reduces the A'>C (Fig. 10b). These correla-
tions results clearly indicate that an increase in stomatal
density, impacts in increased gy.. and increased ABC
values in rice.
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Discussion alter the carbon and water flux of this crop and may
Stomatal study is one of the important research areas in  contribute significantly to making climate resilient rice.
current rice science. Changes in stomatal features can  Because stomata are the major organ controlling water
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and gaseous exchange in rice plants, it can be a potential
target for modification in order to increase and sustain
rice yield with minimal water input (Miiller et al. 2018;
Franks et al. 2015; Flexas 2016; Zhang et al. 2012). Being
a positive regulator of photosynthesis (Kusumi et al.
2012), manipulation of stomatal traits, especially the
number and size, could pave new ways to break the rice
yield barrier especially in areas with limited water avail-
ability (Oshumi et al. 2007; Xu et al. 2009).

Extensive Stomatal Diversity Is Present in Oryza Species

A combination of domesticated and non-domesticated
rice species (Table 1) allowed us to explore stomatal di-
versity in a whole range of primary (close to cultivated
rice), secondary (relatively distantly related) and tertiary
(fairly distantly related) genetic pools of the genus Oryza
(Vaughan et al. 2003; Sweeney and McCouch 2007). A
significant amount of natural diversity in stomatal traits
is documented in different Oryza species (Fig. 5, 6, 7)
and among the different Oryza complexes (Tables S1,
S2, S3, S4, S5, S6). Substantial diversity in the stomatal
structure has been noticed in Oryza family from the very
small stomata of O. nivara, O. meridionalis, O. granu-
lata and O. meyeriana to the relatively very big stomata
of O. grandiglumis, O. ridleyi, O longiglumis and O.
coarctata (Fig. 2, 3, 4). Notably, genetically close species
do not necessarily have a similar kind of stomatal struc-
ture, which shows that the stomatal variation in rice
family does not follow a robust phylogenetic trend and
might be driven by domestication or environmental fac-
tors. This is further supported by very low phylogenetic
signals in the stomatal trait values (Table S9).

It is interesting to note that the evolutionary dynamics
of the number and size of stomata in the Oryza family
vary differently on different sides of the leaf and in dif-
ferent genetic groups or complexes. In general, there is a
greater variation in stomatal number on the adaxial side
but, greater variation in size on the abaxial side (Table
S2). The Oryza species that belong to the Sativa complex
or the AA genome, are more diverse in their stomatal
number (SDg, = 64.42%, SD,q=51.96%), whereas, the
species of the Officinalis complex are more diverse in
their stomatal size i.e., length, width and area (example,
SCA,, =80.8%, SCA,q=65.6%). Less stomatal diversity
estimated in Meyeriana and Ridleyi complexes is likely
due to the limited number of members in these two
complexes, although they contain unique stomatal fea-
tures as evidenced from Fig. 4. It was quite expected to
see the differences in the stomatal structure in the spe-
cies of distant rice genomes. But interestingly, there is
extensive structural diversity present even among the
species of most recently evolved Sativa complex (Table
S1, Table S2), where the two cultivated rice species O.
sativa and O. glaberrima belong to. This clearly suggests
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a possibility to re-introduce favorable stomatal traits into
the cultivated varieties to improve its physiology.

Rice Has Increased gmay through an Increased Stomatal
Number

Superimposing stomatal features and phylogeny of
Oryza species, suggests no doubt that speciation has led
to an increased stomatal number per unit area and a
smaller stomata (Fig. S1). This is accompanied by a
steady increase in both the abaxial and adaxial conduct-
ance (gmay) (Fig. S2). These two observations can easily
relate that the increased stomatal conductance of rice is
actually due to its increasing stomatal number over time,
instead of increasing the stomatal size. This is in accord-
ance with some of the earlier reports that showed that
stomata in domesticated rice are generally numerous
and smaller compared to other crops (Chen et al. 1990;
Teare et al. 1971) with indica species having more sto-
mata than japonica (Maruyama and Tajima 1990).

Structure-Function Correlations Reveal Opportunities for
Adjusting the Stomatal Size to Reduce Stomatal Water
Loss in Rice

Stomatal development in rice follows a typical one cell
spacing pattern as in other plants (Sachs 1991; Geisler
et al. 2000). Our correlation results display a negative re-
lation between stomatal density and size (Fig. 8), associ-
ated with the reduction of the neighboring epidermal
cell width. It is known that gas exchange through these
stomata is highly affected by its architecture, the density
and size, specially the pore depth (Fanourakis et al.
2015b), which limits the length of the diffusion pathway
of gases, exchanged through these micropores (Franks
and Farquhar 2001; Franks and Farquhar 2007). Our re-
sults give clear evidence that both the increased stomatal
conductance and A'C in rice is caused by increasing
stomatal density as these are positively related to each
other. Previous reports argue that smaller stomata would
respond faster and more efficiently in the uptake of CO,
inside the leaf, and thus will increase the photosynthesis
and WUE (Lawson et al. 2014; Giday et al. 2013). But, in
contrast, in our results, A"C consistently shows a sig-
nificant negative relationship with stomatal and guard
cell size at P<0.05 (Fig. 8, Fig. 10b, Fig. S3). This sug-
gests that the larger stomata will have less discrimination
and thus theoretically will improve the WUE; in rice.
Ideally, either an increase in stomatal number or size
should lead to an increase in conductance (Parkhurst
1994), which is indeed reflected by the positive relation
of stomatal number and size with g..« (Fig. 8). However,
considering the negative relation of GC size and A'*C,
we propose, increasing gp.. through increased stomatal
size would be a better approach to retain minimum
water loss while maintaining substantial CO, intake in
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rice, under well-watered conditions. Possibly, higher gyax
through increased stomatal size would increase photo-
synthesis in a much better way without losing more
water through transpiration. Some recent reports using
genome editing also supports that reduced stomatal
density actually helps in increasing the water use effi-
ciency in rice (Caine et al. 2018). The mechanism is of
course complicated and the hypothesis needs to be
tested by actual field experiments. In addition, the non-
significant relationship of SC area with A'C in non-
corrected correlation r, suggests that there are other
drivers as well controlling this physiological trait in rice.
However, our result still suggests that there is scope for
improving the carbon-water balance in elite rice varieties
by introducing larger stomata. Several species in the
Officinalis and Ridleyi complex possess larger stomata;
although, it is difficult to use these species in a breeding
program due to their reproductive barrier to cultivated
rice. Therefore, Oryza barthii, that belongs to the Sativa
complex, with a larger GC size of 21.8 x 6.3 um?, might
be the most appropriate for this purpose, as this species
can be used in crossing program with more success of
hybridization. Unfortunately, there is no gene directly re-
ported for controlling stomatal size that can be edited
immediately. Epidermal Patterning Factor (EPF) is the
reported candidate gene, which controls the formation
of different epidermal cells and thus also the stomata.
EPF controls stomatal number negatively and has pleo-
tropic effect on stomatal size. Plants overexpressed with
this gene have reduced stomatal number, increased sto-
matal size and less adversely affected by reduced water
availability (Doheny-Adams et al. 2012). Another aspect
of stomatal domestication, the stomatal adaxialization
(Milla et al. 2013), is not very prominent in species of
Sativa complex. Although collectively the Sativa complex
shows increased ad/ab conductance (Table S5),
altogether the 23 species show a steady increase in total
stomatal conductance through maintaining almost a
consistent improvement in both abaxial and adaxial gy,
in Oryza (Fig. S2). Hence, improving gas exchange prop-
erties through adjustment of adaxial stomatal features in
rice is another viable prospect in breeding programs.

Conclusions

Current study reports significant variation in different
stomatal structural components, translated into its func-
tional variation, which prove wild rice as a good source
of diverse stomatal traits. It was interesting to find vari-
ation in the species of Sativa complex, which gives posi-
tive ideas of introgressing different stomatal features in
cultivated species. We have established that rice has in-
creased g.x by increasing SD. This is associated with re-
ducing stomatal size and an increase in the isotopic

discrimination property of this crop, an indirect
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measurement of the water loss by stomata. Our result
indicates that larger stomata helps to maintain higher
water use efficiency in rice, but the exact mechanism of
water conservation in plants might be more complicated
and often complemented with activities of other struc-
tural components of leaf. Moreover, the preconditioning
of leaf biochemistry is also important to support altered
stomatal function. As an essential documentation of wild
rice stomata, we hope our result would be broadly useful
in the context of the present trend to increase productiv-
ity and water use efficiency of rice crop and will kick
start inclusion of stomatal traits in breeding programs.

Material Methods

Plant Material and Growth Condition

Oryza species were grown in a green house, dedicated
for conducting wild rice experiments only, at the Inter-
national Rice Research Institute (14.5833° N, and
120.9667° E). All species were grown from seeds (Ob-
tained from Genetic Resource Centre, IRRI), except O.
granulata, O. meyeriana and O. coarctata, which were
grown from fresh tillers taken from mature plants. Seed
dormancy was broken by placing seeds in an oven at a
temperature of 45°C for 5days. Seeds were germinated
on sterile damp filter paper in Petri-dishes in the dark at
a temperature of 30°C for 3-5days (depends on spe-
cies), followed by 2days in the light at the same
temperature. Seedlings were transplanted into the 0.5L
pots first and then 5L pots at 29 DAS and kept in the
screen house with 500 and 2000 umol m™?s™ ' of irradi-
ance (average 1000 umolm™*s™ '), and a day length of
between 11 and 13h, and day and night temperature
ranged between 21 and 34 °C (average 30 °C in day and
25°C at night) with a relative humidity of between 60
and 70% (average 66%). Pots were filled with soil from
the IRRI upland farm mixed with 25% volume of coco-
coir and basic NPK nitrogen fertilizer. Pots were watered
two times daily. Care was taken to maintain similar
water and fertilizer status for all the species. For the spe-
cies that were grown from the tillers; the small tillers
which were comparable to the seedlings, were first trans-
planted to pots and maintained in the same condition as
applied for the seed grown species. Each species were
cultivated in 10 replications, from where three best
plants were chosen for leaf sampling at the vegetative
stage for stomatal study and carbon isotope analysis.

Leaf Stomatal Imprinting for Stomatal Counting

Leaf stomatal imprints were made on either sides of the
leaf (abaxial and adaxial). To avoid the spatial heterogen-
eity during stomatal development (Fanourakis et al.
2015a) the imprints were made exactly at the middle
part of a leaf (from base to tip) and at the middle of ei-
ther side of the midrib to margin. Only the youngest
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fully expanded leaves from the main tiller of the plants
at the maximum tillering stage were sampled for all sto-
matal studies. Total three leaves were taken from three
different plants per species. Leaf surface was first cov-
ered with clear nail varnish. When dry, the varnish layer
was carefully peeled off using adhesive tape, placed on a
clear glass slide and flattened by applying thumb pres-
sure. Stomata were examined using bright-field micros-
copy (Olympus BX51, Olympus, Japan) and finally
captured with an Olympus DP71 digital image docu-
mentation system under 20x microscopic magnification
using a 10x objective (final magnification of 200x). Im-
ages were used for stomatal counting using Image]
image processing software (Wayne Rasband, National
Institute of Health, USA).

Leaf Tissue Scraping for Stomatal Dimensions
Measurements

Stomatal images, captured from the epidermal layer by
leaf scraping technique, were used for stomatal complex
and guard cells size and dimensions measurements.
Youngest fully expanded leaves from three different
plants were examined per species. Epidermal layers,
taken exactly from the middle portion of any leaf in ei-
ther side of the midrib were examined to record stoma-
tal and guard cell size and dimensions. Leaf surfaces
were scraped starting either from abaxial or from adaxial
side of the leaf using a sharp blade in order to remove
the green leaf tissues and to get clear epidermal layers of
the opposite side (Sarwar and Ali 2002). These layers
were mounted on a glass slide in water and then exam-
ined under 40x magnification of an Olympus BX51
microscope using a 10x objective (Final magnification
400x). Clear images were captured using an Olympus
DP71 digital image documentation system attached to
the microscope.

Quantification of Stomatal Characters

Leaf stomatal traits were quantified on both the abaxial
(ab) and adaxial (ad) surface of leaves. However, the
deep grooves present in the adaxial surface of O. coarc-
tata leaf made it extremely difficult to get clear stomatal
images of that side, and therefore, was excluded from
the data. Major stomatal features, including, number,
length, width, area were quantified. These parameters
are illustrated in Fig. 1, which shows a schematic dia-
gram of the relative positioning of the stomatal complex
(SC) on the leaf surface. The parameters are further ex-
plained in Table 2. Stomatal density (SD) was counted
from 15 random images (5 images from each leaf, three
leaves from each species) per species, and expressed as
the number per 1 mm® leaf area. Stomatal complex
length (SCL, longer dimension), stomatal complex width
(SCW, shorter dimension) and stomatal complex area
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(SCA, total area) were measured from at least 25 random
stomata, taken from 3 different leaves per species. The
length, width and area were measured in Image] image
processing software according to user’s guidance. The in-
dividual stoma was selected and outlined using the option
straight or segmented lines to analyze the dimension and
area of the selected stoma. Guard cell length (GCL) and
guard cell width (GCW) of closed GC pair were also sep-
arately measured from 25 random stomata from three dif-
ferent leaves per species, using Image]J, and later used in
the correlation studies and computing of stomatal max-
imum anatomical conductance to water. Epidermal cell
length (EPL) and epidermal cell width (EPW) were mea-
sured using similar technique from 25 random images on
the abaxial side of the leaf. Stomatal distance is measured
as the edge to edge linear distance between two adjacent
stomata along the leaf length (Fanourakis et al. 2015a).
Leaf venations were observed on the adaxial surface of the
leaf. The VD was counted as the number of veins in 1
mm? leaf area. Veins and leaf traits were measured as de-
scribed in Chatterjee et al. 2016. Traits were appropriately
suffixed with -ab/-ad to refer the abaxial or adaxial nature
respectively. Scoring and measurements of dimensions
were performed in Image ] software (Wayne Rasband, Na-
tional Institute of Health, USA) according to developer’s
instruction.

Maximum Stomatal Anatomical Conductance to Water
(gmax)

Maximum stomatal conductance to water (g;,,,) for each
species was computed as a function of stomatal density
and size (Franks and Farquhar 2001).

d
gmax = _ X SD x Pmax
v T [dmax
1 —
+ 2 b1

where, gn.x is the maximum leaf stomatal conductance
to water vapor (molm™ 25 1; d is the diffusivity of water
in the air (m?s™1); v is the molar volume of air (m®
mol™1); SD is the stomatal density (stomata m~ %) a is
the maximum pore area (um?®); and / is the pore depth
(pm).

[ (Pore depth) = GCW/2 (assuming that the stomata
open in a circular shape).

and, dmax=72'(p/2)2 OF dpmax = 1(GCL/4)*> where, p is
the stomatal pore length which is GCL/2 according to
Franks and Farquhar 2007, Franks and Beerling 2009.

Length of the closed GC pair = GCL and the width of
the closed GC pair = GCW.

Carbon Isotope Analysis
The youngest fully expanded leaves of the main tiller
from three different plants per species were collected at
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the maximum tillering stage for dry carbon isotope ana-
lysis. Leaves were dried in the oven for 48 h until a con-
stant dry weight was achieved and then ground into a
fine power. The dried samples (1.1-1.3 mg) was sent to
Washington State University, and >C/**C isotopic ratio
(R) was determined using Micromass Isoprime isotope
ratio mass spectrometer (IRMS) as described in Giuliani
et al. 2013. The 8C (%o) was used to represent the
13C/"2C of the leaf sample relative to the isotopic refer-
ence material Vienna Pee Dee Belemnite (VPDB), and it
was determined as

613(:(0/00) - (I;—*s’ - 1) % 1000

Where, R, and R, are the 13C/"*C ratios of the plant leaf
samples and the standard VPDB limestone, respectively.
The negative value of §'°C was converted to a positive
value of A by the equation of Farquhar et al. 1989,

(53'51»)

“(rsy)

Where, 8, is the isotopic discrimination value of the
plant and 8a is approximately — 8%,

Diversity Analysis of Stomatal Traits among the Oryza
Species

The extent of inter-species and inter-complex genetic di-
versity (GD) was calculated as the range of the variation
present over the average variation for each trait (Gu
et al. 2014):

(xmax - Xmin)

)

x 100(%)

Where, Ximax Xmin and X stands for maximum, mini-
mum and the mean value for the trait.

Traits Correlation

Pair-wise correlations (r) between traits were performed
using statistical program R (www.Rproject.org) and were
plotted in a matrix. The r values greater than 0.43, was
considered as significant at P < 0.05. We also considered
the hidden possibility of inborn correlations between
traits that may result from the close phylogenetic rela-
tionship of Oryza species. Therefore, phylogenetic cor-
rection was applied to the correlation values, using the
method as applied in a paper of Brodribb et al. 2013,
using the “pic” function (phylogenetically independent
contrast) in “ape” package (Paradis et al. 2004) of R
(www.Rproject.org). The correlation plots were created
in Excel.
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Statistical Analysis to Detect Significant Variation in the
Stomatal Traits

One way Analysis of Variance (ANOVA) was performed
in STAR (IRRI’s statistical software for biometric ana-
lysis), followed by Tukey’s pairwise comparison. All
graphs were drawn in Excel (Microsoft Corp., USA). Box
plots are made using R program.
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