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Abstract

One of the breeding strategies to shorten a breeding process is selecting on early
growth stage with correlated secondary traits. /n vitro screening method with Polyethylene
glycol 6000 is widely used due to it is more controllable and convenience for inducing
osmotic stress to plants. Our In-house screening system was used to find the proper
concentration of PEG solution on maize seedling which was the objective of this study.
The experiment was conducted in Factorial in RCBD with 2 blocks. The first factor was
7 different concentrations of PEG solution in which caused different osmotic potentials
of solution. Whereas the second factor was 4 maize varieties: 2 inbred lines and
2 commercial hybrid varieties. Maize seedlings were treated with the protocol of in-house
screening system and were collected for 10 phenotypic traits. The results showed the
significant effects of PEG 6000 concentration, maize variety and their interaction on many
traits. Moreover, it was found that PEG concentrations that causes statistical changes of
treatment means when compared with its control (0% PEG) were different at each trait.
For example, the proper concentration was 20% PEG for root to shoot ratio while that
of the other traits was different. However, PEG of 25% was recommended for being the

effective concentration since this level of stress showed the statistical effect on 8 out of
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10 traits. However, in case that a list of phenotypic traits might be changed, the effective
PEG concentration for the new list of phenotypic traits should be re-considered. In addition,
this study showed that two characteristics, shoot area and primary root length, which
were extracted from image processing, shoot area showed strong relationship with leaf
greenness (-0.42), shoot weight (0.93), root weight (0.63), total fresh weight (0.89), shoot
dry weight (0.66) and root to shoot ratio (-0.50). Therefore, it is another interesting trait
that might be used in seedling screening because it was easy to extract from the image
processing whereas primary root length contrarily had weak correlation with the other
9 traits of seedlings.

Keywords: In vitro screening method, osmotic potential, image analysis, early growth

stage selection

Introduction

Crop breeding for abiotic stress
tolerance is a challenging work for plant
breeders. Genetic improvement of
phenotypic traits contributing drought
tolerance is laborious and time-consuming.
In order to shorten time of the breeding
process, integrated selection strategies
need to be considered i.e., selecting before
flowering time to reduce the unnecessarily
numbers of cross, implementing indirect
selection through secondary traits, selecting
on early growth stage of plants and so on.
Critically, it is essential that those secondary
traits need to correlate with primary traits
so that selection process is efficient. For
early growth stage selection, it occurs during
plant establishment and is generally

conducted under controlled environment.

Association between seedling vigor
and its tolerance to drought stresses have
been studying in many species i.e., maize
(Ramzan et al., 2019, Akinwale et al., 2018),
sorghum (Bibi et al., 2012), wheat (Dhanda
et al., 2004), soybean (Kim et al., 2001),
cotton (Basal et al., 2005) and so on. For
example, Akinwale et al. (2018) studied the
responses of different maize hybrid varieties
under drought at seedling stage. Their
results revealed some traits at seedling
stage i.e., fresh shoot biomass, total fresh
biomass, moisture content of root etc.,
should be included in selection index for
drought tolerance. Moreover, Salungyu et al.
(2020) also suggested that primary root
length of maize seedling is the predictive
trait for mature maize performance in the
field. For selection on early growth stage,

in vitro screening method is widely used



due to it is more controllable and
convenience. Since osmotic adjustment is
a desirable trait for selecting genotypes with
drought tolerance (Bolafios and Edmeades,
1991), therefore various types of in vitro
screening system for drought tolerance
have been inventing for screening germplasm
and breeding population. Many different
cultivations system by using Polyethylene
Glycol 6000 have been reporting in drought
tolerant screening, i.e., wheat (Marcinska
et al., 2012), maize (Mohammadkhani and
Heidari, 2008), sorghum (Bibi et al., 2012),
rice (Wani et al., 2010; Biswas et al., 2002),
soybean (Sakthivelu et al., 2008), potato
(Anithakumari., et al 2011) and so on. Also,
different organs of plants i.e., seed, callus,
seedling etc., have been using in this type
of research.

Polyethylene glycol (PEG 6000) is the
hydrophilic polymers (H(OCH,CH,),OH) with
broad range of molecular weight (200-
10,000). PEG with higher molecular weights
(>4000) cannot penetrate to the plant cells.
This leads osmotic potential of solution
increases. With this qualification, PEG of high
molecular weight could induce plant water
deficit. Therefore, PEG 6000 is considered
as an osmotic agent and likely used in many
studies about plant responses under
osmotic/water stresses. However, osmotic
potential could be changed with increasing

of PEG 6000 concentration and changing of

9. WaNNSSUNISINUAS 3(2):69-84
J. Agri. Prod.

solution temperature (Michel and Kaufmann,
1973). Therefore, the PEG 6000 concentration
that could induce osmotic stress to plants
is a criterion. Michel and Kaufmann, 1973
proposed the equation for evaluating
osmotic potential (¥,) from different
concentrations of PEG 6000 and
temperatures. However, many publications
have been reporting about osmotic potential
only for few traits in which they focused.
That strategy might not be effective for
plant breeding works due to plant breeders
need to consider many traits simultaneously
in order to select the superior genotypes.
Hence, this study aimed to find the proper
concentration of PEG 6000 solution for using
in our in-house screening system, which is
simple, cheap and rapid system. Moreover,
this system has no requirement for nutrient

culture and expensive instruments.

Materials and Methods
Experimental design

The experiment was designed by using
Factorial in Randomized complete block
with 2 blocks and the hidden 3 replications
in each block. The first factor was maize
variety, which were two commercial hybrid
field corn and waxy corn and two field
maize inbred lines (Takfa 1 and Takfa 3). For
the second factor, it was 7 different
concentrations of PEG 6000 solution e.g., O,
5,10, 15, 20, 25 and 30% w/v. Two blocks
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were conducted in consecutive periods of
time. In total, 168 experimental units were

included in this experiment.

In-house screening system

Maize seeds were soaked in distilled
water for 24 hours for imbibition and
subsequently transferred to a moist
germination paper for 48 hours until radicle
was observed. In order to receive the
uniform growth speed, seeds with the
radicle length in range of 5-8 millimeters
were taken (Figure 1A) and wrapped with a
piece of sponge sheet by letting the radicle
protrudes (Figure 1B and 1C). For this step,
it is important to avoid damaging the radicle.
A piece of Styrofoam that fit well with the
container was prepared in advance to have
5 holes with 2.5 centimeters in diameter
and hole spacing of 2.5 centimeters. Then,
inserting those wrapped seeds into the
round cut Styrofoam as shown in Figure 1D.
Styrofoam used in this study fit well with
the 1-Litre beaker (10.5 centimeters in
diameter), in which contained with 500
millimeters of distilled water. Then, placing
all beakers under LED grow lights (Figure
1D) for 5 days at 16/8 light/dark cycle until
reaching V4 leaf stages. The LED light used
in this current experiment consists of 12-
blue, 22-red, 2-white, 2-infrared and 2-UV
LEDs (30 watts). After that, water in the
beaker was replaced with PEG 6000 solution

with desired concentration. Maize seedlings
were grown in PEG 6000 solution for 48
hours under the same light condition. After
48 hours of PEG 6000 immersion, all
phenotypic traits were collected. This in
vitro screening system has taken 10 days

for completing the whole process.

Preparation of Polyethylene glycol 6000

For osmotic stress induction, PEG 6000
with different concentrations (0, 5, 10, 15,
20, 25 and 30%) were prepared from 500
gram.kilogram™ PEG 6000 stock solution.
Three hundred milliliters of PEG 6000
solution with the desired concentration
were used and replaced into a cultivation
container (1-Litre beaker) as described
above. Osmotic potentials for those 7
different PEG concentrations were 0, -0.45,
-1.38, -2.78, -4.65, -6.99 and -9.80 MPa,
respectively. These values were calculated
by using mathematical model of Michel and

Kaufmann, 1973 as shown below.

‘Ps = ‘[(1-18X1oiz) CPEGéOOO] - [(1'18X1074) Cees
60002 1 + [(2.67x10™) Coes 600011 +
[(839)(1077) Cees 60002T]

Where Cogg ¢o00 IS cOncentration of PEG
6000 in gram.kilogram™ H,0 and T is solution

temperature in degree Celsius.
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Figure 1 Process of in-house maize screening system against osmotic stress
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Data collection

Nine out of ten characteristics were
directly collected from all 168 experimental
units. Those were leaf greenness (SPAD),
total fresh weight (tFW), shoot wight (Shwt),
root weight (RWt), total dry weight (tDW),
shoot dry weight (ShDW), root dry weight
(RDW), shoot area (ShA) and primary root
length (PRL). SPAD was measured by using
SPAD-502 plus meter (Konica, Minolta).
A SPAD read was taken in average of 10 data
points. The seedlings were cut to separate
shoot and root by cutting above nodal
roots. Shoots and roots from the same
experimental unit were laid and separately
taken photo for image analysis. After that,
those shoots and roots were weighed for
tFW, Shwt and RWt in gram. Dry weights
e.g., ShDW, RtDW and tDW were collected

after drying at 70°c for 48 hours in the oven.
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Images of shoot and root were analyzed for
extracting ShA in squared centimeters
(Figure 2B) and PRL in centimeters (Figure
2A) by using open-source ImageJ software
(Abramoff et al., 2004) and SmartRoot
(Lobet et al., 2011), respectively. The last
data was the root-to-shoot ratio (RS) which
had been mathematically received by

dividing root dry weight by shoot dry weight.

Statistical analyses

All 10 phenotypic traits as described
above were evaluated for normal distribution
and transformed with mathematic function
if a skewed distribution was observed. Two-way
ANOVA was conducted to test the significance
for all 10 traits. Furthermore, Post-hoc
analysis (Least Significance Difference at
01=0.05) was carried out to compare the

treatment means in the further step.

Figure 2 Data measurement with Image processing for A) primary root length (PRL)
B) shoot area (ShA)



Results and Discussion
Descriptive statistics for all phenotypic
traits

In order to illustrate how maize
seedlings responded to osmotic stress, the
appearance of maize seedlings after 48
hours of osmotic stress at each different 7
concentrations of PEG 6000 was shown in
Figure 3. At higher osmotic potential of
solution (-6.99 and -9.8 MPa) or at 25 and
30% PEG, maize seedlings were wilt and
the stems could not stand upright. Different
leaf greenness and leaf rolling could be
seen in few varieties as shown in the Figure 3.

All ten phenotypic traits were checked

for normality of data as shown in Table 1.
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Data of root to shoot dry weight ratio (RS),
shoot dry weight (ShDW) and primary root
length (PRL) were right-skewed distribution
(skewness with underlined in Table 1).
Therefore, data transformation was
subsequently done to avoid the violation
of ANOVA assumptions. Square root function
was used in this case and noted as sqrtRS,
sqrtShDW and sqrtPRL elsewhere in this
article. Moreover, it was noted that 2
symmetrical data e.g., SPAD and ShA
showed the high degree of variance when
compared with the other traits whereas high
variance of PRL data was decreased
dramatically after data transformation
(0% pr. = 0.49).

20% 25% 30%

Takfa1

Takfa3

Field corn

Waxy corn

48 hr.

Figure 3 Overall responses of 4 maize varieties under different PEG 6000 concentrations
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Table 1 Descriptive statistics of maize seedling for 10 phenotypic traits

SPAD ShWt RtWt tFW ShDW RtDW tDW RS ShA PRL
Mean 2329 219 0.90 a.17 0.26 0.16 0.62 0.66 1570 11.97
Median 2340 2.15 0.88 3.93 0.25 0.16 0.53 0.65 1572 10.29
SD 4.68 0.76 0.28 1.34 0.08 0.05 0.29 0.20 4.72 5.26
Variance 21.88 0.57 0.08 1.80 0.01 0.002 0.08 0.04 2228 27.65
Skewness  0.03 0.56 0.53 0.46 2.21 0.37 0.88 125 0.49 141
Min 11.30  0.75 0.29 1.55 0.13 0.07 0.01 0.26 5.70 4.43
Max 33.80 4.17 1.91 7.67 0.80 0.31 1.73 1.54 2856 28.30
N 168 168 168 168 168 168 168 168 168 168

Test of significance and pairwise mean
comparisons

Two-way ANOVA revealed that all 4
sources of variation e.g., block, PEG
concentration, maize variety and their
interaction showed the significant effects
on many phenotypic traits (Table 2). Firstly,
the block effect influenced only 2 traits,
which were tDW and sqrtPRL (P<0.001). This
might suggest that these both traits were
sensitive to micro-environments that might
be different at each time of testing.
Secondly, Table 2 showed the strong effect
of maize variety on almost all characteristics
(P<0.001). This indicated that some tested
maize varieties had different sensitivity
degrees to osmotic stress across PEG

concentrations. In this study, check varieties

(control) e.g., two commercial F1 hybrid
varieties: field maize and waxy corn were
used to compare with our main materials
(inbred lines: Takfa 1 and Takfa 3). According
to Table 3, it was noticed that commercial
waxy corn was higher sensitive to osmotic
stress than the commercial field maize
based on their phenotypic means. Generally,
maize inbred line is known that it tends to
suffer from inbreeding depression
phenomenon, which contradicts heterosis
that generally exists in F1 hybrid variety,
which in this case was 2 check varieties.
Based on our prior information, Takfa 1 and
Takfa 3 have been considered as drought
susceptible and tolerant inbred lines.
Therefore, it is fascinating to find that in the
early growth stage, Takfa 3 (inbred line)



showed the better performance than the
check varieties, which were F1 hybrid (Table
3)whereas seedlings of Takfa 1 phenotypically
performed worse than the commercial field
maize but better than commercial waxy
corn. This might be because of differences
of genetic background between field maize
and waxy corn. Thirdly, the effect of PEG
6000 concentration was found to be highly
significant on all traits (either significance
level of 0.01 or 0.001 as shown in Table 2)
except only total dry weight (tDW) (P>0.05).
Once comparing responses of maize
seedlings between conditions with and
without PEG 6000 (0% PEG) (Table 3), it
found that PEG 6000 concentration that
causes statistical changes of treatment
means when compared with its control (0%
PEG) was different at each trait. Phenotypic
means with underline as presented in Table
3 were consider as the proper concentration
for each trait. For example, 15% PEG caused
means of ShWt (2.35 g), tFW (4.33 ¢) and
RtDW (0.17 ¢) statistically different from that
of 0% PEG, which were equal to 2.63, 4.97
and 0.14 ¢, respectively. Our result was
similar to Pannim et al. (2020) which

reported about physiological responses of
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rice at different levels of osmotic stress.
They induced osmotic stress to rice plants
by using 12.5 (mild), 22.5 (moderate) and
35% PEG w/v (severe) in which osmotic
potentials were -0.3, -1.0 and -2.8 MPa,
respectively. Only severe stress could
observe a change of stomatal conductance,
net and maximal gross photosynthetic rates
comparing with control whereas mild and
moderate stress levels showed the limited
ranges of plant responses. Therefore,
besides varieties of maize, a list of phenotypic
traits that would be measured is another
important factor for determining %PEG for
the purpose of osmotic stress induction.
Lastly, the interaction effect between PEG
concentration and maize variety was found
to be statistical significance on 5
characteristics e.g., SPAD, ShWt, RtWt, ShA
and sqrtPRL (Table 2). In order to illustrate
them clearly, the interaction plots for these
traits have been displaying on Figure 4.
Different types of interaction i.e., exponential,
cross-over etc. could be seen on Figure
4A-4E. However, only crossing points at
effective PEG concentration across

phenotypic traits would be attentive.
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Table2 Two-way ANOVA showing the effect of factors on 10 phenotypic traits of maize

seedlings

Mean square

sov df Sart Sqrt Sqart
SPAD ShWt RtWt tFW RtDW tDW ShA

ShDw RS PRL
Block 1 55 013 013 021 001 0.001 526 000 9.6794 587
[PEG] 6 7397 6047 6047 1475 001" 00117 0.02 0.147 26095 457
Variety 3 58137 11.04° 11.047 5064  0.11° 0.004 1.06  0.22° 34156 257
PxV 18 1747 0337 033" 054 0004 0.002 003 001 1341 042
Error 139 83 0.5 015 036 0003 0002 003 001 632 024
Total 167 6864 17.68 17.68 665 0.14 1.03 640 037 631.92 13.66

¥, ** and *** indicate statistical significance at P<0.05, 0.01 and 0.001, respectively

Since our in-house screening method
has been using in different types of maize
for the purpose of screening, hence %PEG
that could cause the changes of most of
phenotypic traits across 4 varieties would
be considered. To do so, treatment means
for each phenotypic trait were considered
(Table 3). Interestingly, means of leaf
greenness (SPAD) were gradually higher
along with higher PEG 6000 concentrations
and leaf greenness of maize seedling that
immersed in 25% PEG solution showed
statistically different from the control
condition. This finding is uncommon and
difficult to explain here since no any other
physiological parameters were measured in
this study although low chlorophyll content
in wheat leaves has been suggested as an

indicator for drought susceptibility (Li et al.,

2006). Another interesting trait is root to
shoot ratio (RS). It was the adaptive trait
that was commonly used to measure
adaptability of plant genotypes under
abiotic stresses (Ogawa and Yamauchi, 2006;
Xie et al., 2017) i.e., drought, salinity etc. In
our maize breeding program, RS ratio is also
one of the criteria for assessing genotypes
against drought stress. According to the LSD
test (Table 3), it suggested that 20% PEG
was the proper concentration for assessing
RS ratio of maize seedling. However, as seen
in Table 3, 25% PEG caused phenotypic
mean difference between conditions of with
and without PEG 6000 for 8 out of 10 traits.
Additionally, no interaction effect was
found on 25% PEG. Therefore, 25% PEG has
been recommended for using in our in-

house screening system as an effective



concentration of PEG. However, in case that
a list of phenotypic traits might be changed,
the effective PEG 6000 concentration for
the new list need to be re-considered.
Furthermore, according to our results, it is
worth to note that regardless of PEG 6000
concentration, measurement of shoot dry
weight and total dry weight of maize
seedling might not be helpful for the
purpose of drought tolerant screening

during seedling growth stage.

Relationship among phenotypic traits of
maize seedling

Pearson correlation coefficients for all
pairs among 10 traits were estimated and
presented in Table 4. Interestingly, leaf
greenness (SPAD) had negative relationships
with many traits (Table 4) in which their
correlation coefficients were in range of
-0.19 to -0.49 with significance level at Ol 5.
Moreover, when considering two
characteristics, ShA and PRL, which were
extracted from image processing, it was
observed that ShA showed statistically
significant strong relationship with SPAD
(-0.42), Shwt (0.93), RtWt (0.63), tFW (0.89),
ShDW (0.66) and RS ratio (-0.50). Therefore,
ShA is another interesting trait that might
be used in seedling screening because it
was easy to extract from the image
processing whereas PRL contrarily had weak

correlation with the other 9 traits of
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seedlings. However, Salungyu et al., (2020)
has been suggesting that root traits of maize
seedling could be used as an indicator for
assessment of mature plant performance.
They reported the significant correlation
between primary root length and plant
performance in the field test (r=0.29).
Therefore, PRL might be included in the
further study in our breeding program in
order to evaluate whether or not PRL is

useful for screening against osmotic stress.

Conclusion

According to our results, PEG
concentrations that causes statistical
changes of treatment means when
compared with its control (0% PEG) were
different at each trait. For example, the
proper concentration was 20% PEG for root
to shoot ratio while that of the other traits
was different. Twenty five percent of PEG
was found to be an effective concentration
for using in our in-house screening system
because this concentration caused the
changes of 8 out of 10 traits e.g., leaf
greenness, shoot weight, root weight, total
fresh weight, root dry weight, root-to-shoot
ratio, shoot area and primary root length
and importantly had no interaction effect
between maize variety and PEG
concentration. However, in case that a list
of phenotypic traits might be changed, the

effective PEG 6000 concentration for the
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new list need to be re-considered.
Furthermore, our study also found that
shoot dry weight and total dry weight might
not be helpful for the purpose of drought
tolerant screening during seedling growth
stage while shoot area is recommended
because it is easy to observe and measure.

Additionally, our in-house screening
system that was used in this study is the
simple, cheap and rapid in vitro screening

method for maize seedling screening against

osmotic stress. This system has no
requirement for nutrient culture and
expensive instruments. Moreover, it has
taken only 10 days to complete the whole
process. Also, the amount of tested sample
is adjustable depending on the available
space under light bulbs. Therefore, this in-
house screening system with 25% PEG
concentration as a proper concentration
would be used in the further maize breeding

projects.
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Figure 4 Interaction plots representing the significant interaction effect between PEG

concentration and maize variety on 5 phenotypic traits
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Table 4 Pearson correlation matrix among 10 parameters

SPAD ShWt RtWt tFW ShDW RtDW tDW RS ShA  PRL
SPAD 1
Shwt  -0.49*% 1
Rtwt  -0.25% 0.66* 1
tFw  -0.33*  0.94* 0.69* 1
ShDW -0.29* 0.74* 0.47* 0.70% 1
RtOW -0.06 0.12 0.38* 0.11 0.39* 1
tDW 0.05 0.28* 0.22¢ 036* 036* 0.2 1
RS 0.07 -0.52* -0.10 -0.53* -0.44* 0.57* -0.17* 1
ShA -0.42*  0.93* 0.63* 0.89* 0.66* 0.07 0.21* -0.50* 1
PRL -0.19* 0.22*  0.22* 0.1 -0.02 -0.15* 0.02 -0.14 0.19* 1

* indicates statistical significance at P<0.05
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