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Tef [Eragrostis tef (Zucc.) Trotter] and finger millet [Eleusine coracana Gaertn] are
staple cereal crops in Africa and Asia with several desirable agronomic and nutritional
properties. Tef is becoming a life-style crop as it is gluten-free while finger millet has a
low glycemic index which makes it an ideal food for diabetic patients. However, both
tef and finger millet have extremely low grain yields mainly due to moisture scarcity
and susceptibility of the plants to lodging. In this study, the effects of gibberellic acid
(GA) inhibitors particularly paclobutrazol (PBZ) on diverse physiological and yield-related
parameters were investigated and compared to GA mutants in rice (Oryza sativa L.).
The application of PBZ to tef and finger millet significantly reduced the plant height
and increased lodging tolerance. Remarkably, PBZ also enhanced the tolerance of both
tef and finger millet to moisture deficit. Under moisture scarcity, tef plants treated with
PBZ did not exhibit drought-related symptoms and their stomatal conductance was
unaltered, leading to higher shoot biomass and grain vyield. Semi-dwarf rice mutants
altered in GA biosynthesis, were also shown to have improved tolerance to dehydration.
The combination of traits (drought tolerance, lodging tolerance and increased vyield) that
we found in plants with altered GA pathway is of importance to breeders who would
otherwise rely on extensive crossing to introgress each trait individually. The key role
played by PBZ in the tolerance to both lodging and drought calls for further studies using
mutants in the GA biosynthesis pathway in order to obtain candidate lines which can be
incorporated into crop-breeding programs to create lodging tolerant and climate-smart
Crops.

Keywords: drought tolerance, Eragrostis tef, finger millet, GA inhibitor, lodging tolerance, paclobutrazol (PBZ),
rice

INTRODUCTION

Tef [Eragrostis tef (Zucc.) Trotter] and finger millet [Eleusine coracana Gaertn] are small-grain
cereal crops largely cultivated in developing countries. While, tef is a staple crop mainly in Ethiopia,
where it is annually cultivated on about three million hectares of land with a total production of 4.7
million tons (Central Statistics Agency [CSA], 2014), finger millet is cultivated in 25 countries in
Africa and Asia producing about 4.5 million tons (NAP, 1996). Both tef and finger millet are known
to be tolerant to extreme climatic and soil conditions; hence, they are favorite crops in semi-arid
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areas with moisture limitations (Tadele and Assefa, 2012). The
absence of gluten in the tef grain (Spaenij-Dekking et al., 2005)
makes it a life-style crop at the global level (Provost and Jobson,
2014). Due to these health-related benefits, the cultivation and
consumption of tef has increased tremendously in recent years
outside Ethiopia. The seeds of finger millet contain valuable
amino acids especially methionine (NAP, 1996), which is lacking
in the diets of hundreds of millions of the poor who live on
starchy staples such as cassava. Finger millet is also a popular food
among diabetic patients because of its low glycemic index and
slow digestion (Chandrashekar, 2010). The straw from both tef
and finger millet is a valuable source of livestock feed especially
the one from tef which is more palatable and nutritious than that
from wheat and barley (Yami, 2013).

Despite these desirable traits, both tef and finger millet have
inferior yields. In Ethiopia, the average yield in the 2013 cropping
season was only 1.4 ton ha~! for tef and 1.8 ton ha~! for
finger millet as compared to wheat (2.1 ton ha~!) and maize
(3.1 ton ha™!; Central Statistics Agency [CSA], 2014). The low
productivity of these crops was mainly due to the unavailability
of improved cultivars. Although both tef and finger millet are
moderately tolerant to moisture scarcity compared to wheat
and maize, considerable amounts of grain yield and biomass of
tef and finger millet are lost annually due to drought as both
crops are mostly allocated to semi-arid areas with substantial
moisture deficiency during the growing season (Degu et al., 2009;
Assefa et al., 2011; Tadele, 2016). The effect of drought on tef
productivity depends on the developmental stage at which the
stress occurs. A yield loss of up to 53% was reported when the
drought occurred at the grain filling period indicating that the
most susceptible stage for tef is terminal drought (Mengistu,
2009).

Lodging, the permanent displacement of the plant from the
vertical position, is also a major bottleneck in tef production
due to the tall and slender nature of the plant. In tef, lodging
frequently occurs just before the ripening of the grain, resulting
not only in inferior grain yield but also in shriveled and poor
quality seed that sprouts on the panicle before harvest. Among
the two commonly known lodging types in plants, namely stem-
and root-lodging, tef was shown to be more susceptible to root
lodging (van Delden et al., 2010). Lodging is also among the
major yield limiting factors in finger millet production (Degu
et al., 2009).

Plant growth regulators (PGRs) have been used in crop
production to reduce plant height and, as a result, to improve
lodging tolerance. Gibberellic acid (GA) inhibitors play key role
in developing semi-dwarf and sturdier plants against lodging
(Rademacher, 2000; Berry et al., 2004). The reduction in plant
height is associated with shorter internodes (Sanvicente et al.,
1999). The alteration or deficiency of GA was key in developing
semi-dwarf and high yielding wheat and rice cultivars during the
famous Green Revolution which boosted both the production
and productivity of the two cereals (Hedden, 2003).

Gibberellic acid inhibitors which have been widely utilized
to regulate the architecture of plants include paclobutrazol
(PBZ), chlormequat-Cl, mepiquat-Cl, and daminozide. PBZ
[a-tert-Butyl-B-(4-chlorobenzyl)-1H-1,2,4-triazole-1-ethanol] is

a triazole which inhibits the conversion of the GA precursor
ent-kaurene to ent-kaurenoic acid (Hedden and Graebe, 1985).
PBZ is known to cause several physiological changes including
the reduction of plant height, improved nutrient uptake and
enhanced seed yield (Davis et al, 1988). The application of
PBZ to Japanese paddy rice was responsible for reducing
the plant height by 90% and lodging by 60% while raising
the yield by 15% (French et al., 1990). Chlormequat-Cl [2-
chloroethyltrimethylammonium chloride], also known as CC,
and mepiquat-Cl [piperidinium, 1,1-dimethyl-, chloride], or MC,
have been used as plant regulators for several decades. These
two inhibitors block the GA biosynthesis by inhibiting the
cyclization of geranylgeranyl diphosphate (GGPP) to ent-copalyl
diphosphate (CPP; Rademacher, 2000). While Chlormequat-Cl
is known to delay the lodging period in wheat, barley, and oat
(Clark and Fedak, 1977), mepiquat-Cl shortened the internodes
in cotton and therefore resulted in semi-dwarf plants (Mccarty
and Hedin, 1994). On the other hand, daminozide [succinic acid
2,2-dimethyl hydrazide] (DM), a co-substrate of dioxygenases
that catalyzes the last step of GA formation, reduced excessive
vegetative growth in trees and ornamental plants (Rademacher,
2000).

Although GA biosynthesis inhibitors, specifically PBZ, are
known to reduce plant height and increase lodging tolerance in
cereals such as rice and wheat, no link between lodging tolerance
and drought tolerance especially in relation to GA inhibitor(s)
has been reported.

The aim of the current investigation was, therefore, to
determine the effect of GA inhibitors on important agronomic
traits in tef and finger millet, specifically to lodging- and drought-
tolerance. In addition, semi-dwarf rice mutants deficient or
defective in the GA biosynthesis pathway (Okuno et al., 2014)
were evaluated to determine if they also respond differently to
moisture scarcity.

MATERIALS AND METHODS

Plant Materials and Growing Conditions

Two improved tef varieties, namely Dukem (DZ-01-974) and
Tsedey (DZ-Cr-37) were used in diverse experiments. Seeds of tef
germinated in the long-day room (16 h light at 22°C and 65%
RH and 8 h dark at 18°C and same RH) and were transferred
after 3 weeks to the short-day room (8 h light at 22°C and 65%
RH, and 16 h dark at 18°C and same RH). Seeds of finger millet
were germinated in the long-day room for 2 months before being
transferred after the water deficit (WD) treatment to an equal-
day room (12 h light at 25°C and 65% RH, and 12 h dark at
19°C and 65% RH). Seeds of rice lines Ginbozu, T65 and their
respective mutants, namely Tan-Ginbozu and gid1-8 (Okuno
et al.,, 2014; gifts from Dr. Ko Hirano, Nagoya University, Japan)
were maintained for all experiments in the equal-day room.

The soil consisted of five parts of topsoil, four parts of
turf, and two parts of quartz sand and fertilized with a Hauert
Plantaktiv 1646426 type K fertilizer (Hauert HBG Diinger
Schweiz, Grossaffoltern, CH) which contains 16% nitrogen, 6%
phosphate, 26% potassium, 2% magnesium, and micronutrients
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(0.02% borate, 0.04% copper, 0.1% iron, 0.05% manganese, 0.01%
molybdenum, and 0.01% zinc). The photosynthetic photon flux
(PPF) measured by a quantum meter (Apogee Instruments,
Logan, UT) was 127.5 £ 4.5 and 168.5 £ 4.5 umol m~2 s~ ! under
short- and long-day conditions, respectively.

GA Inhibitors and Abiotic Stresses

Seeds were surface sterilized for 10 min in commercial bleach
(2.5% NaClO), followed by several rinses with sterile water. The
seeds were sown on agar plates with '/2 MS medium (Murashige
and Skoog, 1962) and placed at 21°C in the dark for 8 h and
25°C in the light for 16 h with a continuous humidity of 50%.
The length of the shoots and roots were measured after 9 days.
Treatments used for the four GA inhibitors were chlormequat-Cl
or CC (0, 1000, 1500, and 2000 mg 1=!), daminozide or DM (0,
100, 500, 1000, and 1500 mg 1~!), mepiquat-Cl or MC (0, 500,
1000, 1500, and 2000 ppm), and PBZ (0, 0.1, 1, 10, and 100 pM).
For the transfer or recovery assays, seedlings grown for 4 days on
100 pM PBZ plates were transferred to a medium with or without
5uwM GA.

The effects of PBZ on abiotic stresses were investigated by first
growing seedlings on a medium containing 10 uM PBZ followed
by transferring to the medium containing different types and
levels of abiotic stresses. These include mannitol (0, 200, 400, and
600 mM), NaCl (0, 100, 150, 200, and 250 mM), ABA (0, 0.5, 1,
2, and 3 uM), and H,0O; (0, 0.2, 0.5, 1, and 1.5 mM). The effects
of PBZ application to the response of tef plants to cold or heat
treatment were investigated by subjecting 3-day old seedlings to
either 4°C (for cold) or 40°C (for heat) for 1, 6, 24, 48, or 72 h.

For plants grown on soil, PBZ (0 and 100 wM) was sprayed a
total of six times (100 pl per spray per plant) for tef and three
times (100 pl per spray per plant) for finger millet at 2-day
intervals starting on 10-day-old plants.

Growth and Related Parameters

Number, length, and diameter of internodes per culm as well
as number of tillers were measured for main culms of 1-month
old plants. Length, width, and density of cells were determined
using a scanning electronic microscope (SEM) pictures analyzed
by Image] (WSR, 2015) for five different plants per treatment.
Numbers of cells in each internode were determined as follows:
cell number mm~2 x Pi x inter node length x (inter node
radius)"2. At harvesting time, yield-related parameters such as
plant height, number of tillers and panicles, shoot biomass and
grain yield were recorded. Shoot dry biomass was determined
from samples dried overnight at 60°C.

Lodging Tolerance

Lodging of tef plants was quantified using the angle of
displacement of the stem from the vertical position where 0° is
no displacement and 90° is completely horizontal. Each plant
was photographed and the angle determined using the Image]
software (WSR, 2015) at the heading and maturity stages.

Tolerance to Moisture Deficit
Transpiration was determined by measuring the amount of water
lost through stomata from plants grown in sealed pots. Pots

were water saturated at the beginning of the experiment and no
additional moisture was added during the entire experimental
period for treatments with WD while plants watered every
3 days for well-watered (WW) conditions. Transpiration was
calculated as the difference of weight in grams compared to
the starting point minus the amount lost by the control plant.
Stomatal data such as conductance, length, width, and density
were measured at the end of the experiment. Moreover, shoot-
and root-biomass were quantified at the end of the water stress
period. Stomatal conductance of both the adaxial (the top of
the leaf) and the abaxial (the bottom of the leaf) side of the
flag leaf was determined using an AP4 diffusion porometer
(Delta T, Cambridge Life Sciences, Cambridge, UK). Stomatal
size was determined by SEM microscopy. In addition, chlorophyll
a and b as well as carotenoids which comprise carotenes and
xanthophylls were extracted using 95% ethanol as previously
described (Lichtenthaler, 1987). The content of these pigments
were normalized by dry weight.

A recovery assay was made by imposing WD on tef and
finger millet for 1 week and rice for 10 days, followed by normal
watering until harvesting. Dehydration was done on 6 week-old
finger millet and 2 month-old rice plants. Percentage of rolling
leaves was determined at the end of the water stress and after 3
and 7 days of re-watering. Moreover, water content of shoot and
root defined as (FW - DW)/FW was measured at the end of the
water stress; where FW, fresh weight; and DW, dry weight. For
finger millet and rice, stomatal conductance was determined at
the end of the water stress treatment.

Gene Expression Analysis with
Quantitative Real-Time PCR

The Tsedey tef variety was sown and grown until the water
stress treatment was applied. One hundred milligrams of leaf
tissue was used to isolate total RNA with a Promega kit followed
by DNase I (Promega) treatment for 15 min at 37°C. First-
strand cDNA synthesis was performed using M-MLV reverse
transcriptase (Promega). Second-strand synthesis was conducted
with the LightCycler® 96 System (Roche) using the FastStart
Essential DNA Green Master Kit (Roche). Fifty cycles of PCR
were made at 95°C for 10 s, 61°C for 10 s, and 72°C for 12 s
using KO2 specific primers from the GA biosynthesis pathway.
To calculate the relative gene expression, the 27444 method
was used (Livak and Schmittgen, 2001). Cq-values were given
as the mean of three replicates. As a reference, the constitutively
expressed a-Tubulin 1 gene was used. The sequences of the two
sets of primers from the tef genome (Cannarozzi et al., 2014)
were:

Tual-Forward: 5-TGTCTCAGGTCATCTCATCAC-3'
Tual-Reverse: 5 -GTAGGAGGAAAGCATGAAGTGG-3
KO2-Forward: 5'-AGTTGGTAATGCTGGTGTGG-3'
KO2-Reverse: 5'-AAGGCGATCTTGTTTCTCTGG-3’

Statistical Analysis

Statistical tests were made using SPSS 17.0 (IBM, Chicago, IL,
USA). Significant differences between treatment means were
determined using non-parametric tests (Mann-Whitney U or
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Kruskal-Wallis H tests) and a p-value of <0.05. For pot
experiments, two replicates of five single plants were analyzed,
whereas for MS plates, two replicates with 6-7 seedlings per plate
were used. For the qRT-PCR, three independent samples per
treatment were analyzed.

RESULTS

GA Inhibitors Reduced the Growth of Tef

Plants

The increasing levels of all tested GA inhibitors, namely
CC, DM, MC, and PBZ substantially hindered the growth of
tef plants at the early developmental stage (Figures 1A-D).
These considerable negative effects on growth were observed
for both the shoots and roots of tef plants treated with
all four GA inhibitors (Figures 1E,F). Among the four GA
inhibitors, strong and consistent effects on the shoots of tef
seedlings were observed by PBZ. Hence, further investigations
on morphological, mechanical and physiological properties of tef
were performed using PBZ. In order to confirm that the drastic
height reduction in tef seedlings was due to GA inhibition, tef
seedlings grown for the first 4 days on a medium with PBZ were
transferred to a medium with GA. As shown in Figures 1G-I,
seedlings placed on the GA medium recovered from the drastic
effect of PBZ although the recovery was not to the level observed
for the control plants without GA inhibitor. Significant recovery
was observed for shoots only 2 days after removal from the PBZ
medium (Figure 1H). Recovery of roots from PBZ treatment was
not significant, even 5 days after transferring to the GA medium
(Figure 1I).

PBZ Reduced Plant Height and Improved

Lodging Tolerance

Paclobutrazol reduced the height of tef plants by decreasing
the number and length of the internodes (Figure 2A). On the
average, the tef variety used in the present study, Tsedey, has
seven internodes (I-1 to I-7), but PBZ application reduced the
number of internodes to six. Surprisingly, the internodes at the
bottom of the PBZ treated plants were significantly wider than
those of the untreated ones (Figure 2B). Detailed measurements
at the cellular level showed that PBZ substantially reduced the
cell length (Figure 2C) but had little effect on the cell width
(Figure 2D). These extremely small cell lengths in the PBZ treated
plants were also reflected in elevated numbers of cells per unit
area and per internode (Figures 2E,F). Patterns in the length and
width of cells were mainly unchanged among different internodes
for both PBZ treated and untreated plants indicating that the
inhibitor had an overall homogenous effect at the whole plant
level. Similar to tef, the application of PBZ significantly reduced
the height of finger millet seedlings, for which up to 90% height
reduction was obtained (Supplementary Figure S1).

The reduction of the height of the plant by treatment with PBZ
decreased lodging in tef plants (Figure 3). Lodging, defined as the
angle of deviation of the main stem from the vertical position, was
significantly lower for PBZ treated plants compared to untreated

ones at both the heading and maturity stages. Compared to
control plants, in PBZ treated plants, lodging decreased by 40% at
the heading, and by 60% at the maturity stages. This shows that
PBZ did not only reduce the height of the plant but also made the
plant sturdier or tolerant against lodging.

PBZ Enhanced Drought Tolerance in Tef
and Finger Millet

The effects of moisture scarcity could be assessed by symptoms
observed on plants exposed to the stress. The proportion
of leaf rolling and physiological parameters such as osmotic
adjustment and stomatal aperture have been used as criteria to
study drought tolerance in monocot plants (Otoole and Cruz,
1980; Balsamo et al.,, 2006; Lopes et al., 2011). The intensity
of leaf rolling (or pin-shaped leaves) indicates the severity
of drought stress on the plant (Figures 4A,B). PBZ treated
plants and those exposed to moisture deficit had only 30%
leaf rolling. However, PBZ untreated but exposed to drought
had over 90% leaf rolling (Figure 4B). Although both PBZ
treated and untreated tef seedlings recovered fully from the
drought treatment, those treated with PBZ recovered only
within 3 days compared to PBZ untreated plants, which took
7 days. Investigations on transpiration, stomata, and plant
water content provided clues about the effects of PBZ on
the morphological and physiological parameters involved in
drought-related responses (Figure 4C). Irrespective of PBZ
application, tef plant lost over 100 g water when exposed to
moisture scarcity.

Under the normal moisture regime, both the adaxial and
abaxial parts of PBZ untreated plants displayed higher stomatal
conductance than the corresponding parts from plants treated
with PBZ (Figure 4D). However, under the low moisture
regime, plants treated with PBZ had significantly higher stomatal
conductance at both sides of the leaf compared to untreated
ones. Among the morphological parameters of stomata that
were investigated (Figures 4E,F), stomatal length was the most
interesting as PBZ treated plants had significantly (p < 0.001)
shorter stomata under both moisture regimes and both sides of
the leaf compared to PBZ untreated plants (Figure 4E). This
substantial and consistent reduction in the length of stomata due
to PBZ application might be the reason for the enhanced drought
tolerance in PBZ treated plants although the transpiration rate
was similar between the two groups of plants under drought
conditions (Figure 4C). The effect of PBZ on stomata width
was not conclusive since significant and negative effects were
obtained due to PBZ application on the adaxial side of the leaf
under moisture limited conditions and on the abaxial side for
moisture unlimited conditions (Figure 4F). Furthermore, in PBZ
treated plants, a substantial reduction in the stomatal density was
obtained at both the adaxial and abaxial sides of the leaf and for
both moisture regimes (Figure 4G). The stomatal density was
higher on the adaxial side than the abaxial side for both PBZ
treated and untreated plants. Regarding the plant water content,
the only significant change was obtained from shoots exposed
to drought, in which PBZ treated plants had higher moisture
content in their above-ground part (Figure 4H).
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FIGURE 1 | Four gibberellic acid (GA) inhibitors substantially reduced the growth of tef seedlings. Tef seedlings treated with different levels of
chlormequat-Cl or CC (A), daminozide or DM (B), mepiquat-Cl, or MC (C), and paclobutrazol or PBZ (D). The length of shoots (E) and roots (F) of seedlings treated
with different levels of the four GA inhibitors. PBZ treated plants partially recovered after transfer to medium with gibberellic acid (G). Shoot length (H), and root
length (1) of plants that recovered from the PBZ effect. Arrows in (H,l) indicate the date of transfer to the GA medium. Means with different letters were significantly

Days after sowing

Paclobutrazol sprayed finger millet plants were not only dwarf
but also tolerant to moisture deficit as was shown with green
leaves (Supplementary Figure S2a). In finger millet, PBZ clearly
protected the flag leaf from rolling (Supplementary Figure S2b)
and all plants had recovered after only 1 day of rehydration

(n = 10). For PBZ unsprayed plants, no recovery was obtained
after 1-2 weeks. Under WW conditions, stomatal conductance
on the adaxial side of the leaf was significantly higher in PBZ
treated plants compared to PBZ untreated ones (Supplementary
Figure S2c). However, on the abaxial side of the leaf, stomatal
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FIGURE 2 | PBZ reduced the height of tef plants by affecting the length and number of internodes and cells. (A) The length and number of internodes of
PBZ treated and untreated plants. (B) The average diameter of internodes of PBZ treated and untreated plants. Cell length (C), cell width (D), number of cells per
mm? (E) and number of cells per internode (F) for PBZ treated and untreated plants. Means with different letters were significantly different from each other at
p < 0.05. ***p < 0.001; **p < 0.01; *p < 0.05; ns, no significant difference.

conductance was extremely low but insignificant under both
moisture regimes irrespective of PBZ application. As expected,
finger millet plants exposed to moisture deficiency lost almost
all of their water in their shoots while those sprayed with PBZ
maintained up to 80% of their moisture content (Supplementary
Figure $2d).

PBZ Improved the Productivity and Key

Agronomic Traits under Drought

The impact of PBZ application on key agronomic traits including
grain yield were investigated. Visual observation indicated that
PBZ treated plants had deep green leaves compared to PBZ

untreated ones. This increased intensity of the green color in
PBZ treated plants was also correlated to the significantly higher
chlorophyll and carotenoid content in the leaves of PBZ treated
plants under both WW and WD conditions (Table 1).

The increased numbers of tillers and numbers of panicles and
the reduced plant height due to PBZ application are considered
to be positive and desirable effects on plant architecture. The
reduction in plant height is preferred in cereal crops particularly
in tef as it contributes toward increasing the tolerance of the plant
to lodging, the major yielding limiting factor.

Paclobutrazol had a significant influence on days to heading
(or flowering), maturity (physiological maturity), and senescence
(or harvest maturity) of tef plants. Although the flowering time
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of PBZ treated plants was longer by 5 days compared to the
untreated ones, a wider gap was observed in days to senescence.
Depending on moisture regime, PBZ treated plants were delayed
by 10-15 days to reach maturity and senescence. As shown in
Table 1, a significantly higher grain yield (p < 0.05) was obtained
from PBZ treated plants exposed to both the normal and low soil
moisture than from PBZ untreated plants. This high productivity
due to PBZ application was related to an increased level of
pigments, numbers of tillers and panicles, and the prolonged
period to reach maturity and senescence. Interestingly, the effects
of PBZ were even more remarkable under limited soil moisture in
which over 160% more grain yield was obtained for PBZ treated
plants than for their untreated counterparts.

GA-Deficit Rice Mutants Were

Semi-Dwarf and Drought Tolerant

Two semi-dwarf rice mutants from the GA biosynthesis pathway,
namely Tan-Ginbozu and gidl-8, exhibited a maximum of 20%
leaf rolling while their respective wild types showed up to 100%
leaf rolling when exposed to moisture deficit (Figures 5A-D).
Based on the proportion of non-rolling leaves, an indicator of
the recovery of plants from drought stress, the two rice mutants
took only 3 days to fully recover while their respective wildtypes
required at least 7 days (Figure 5D). Under moisture deficit, the
stomatal conductance in the abaxial side of Tan-Ginbozu and
gid1-8 was significantly lower than their respective wild types
(Supplementary Figure S3a). However, the differences in water
content were negligible between the wild type and the mutant
under both moisture regimes (Supplementary Figure S3b).

PBZ Did Not Affect the Level of KO2

Transcripts in Tef

In order to measure the effect of PBZ on the level of transcripts
of the ent-kaurene oxidase 2 (KO2) gene, the target site of
the inhibitor, a quantitative QRT-PCR was done. Although no
significant difference in KO2 expression was observed between
plants treated with PBZ and control plants, moisture deficiency
significantly (p < 0.05) increased the expression of this particular
gene (Figure 6).

PBZ Protected against Abiotic Stress

In order to investigate the cross-talk between PBZ and other
abiotic stresses, tef seedlings germinated on in vitro medium
with PBZ were exposed to hormone (e.g., ABA), oxidative stress
(H203), salt (NaCl), sugar (mannitol), and extreme temperature
(heat and cold). The shoot growth of PBZ untreated tef plants
was negatively affected by the increasing level of the six stresses
tested (Figure 7 and Supplementary Figure S4). Although PBZ
substantially shortened the shoot of tef plants, further effects due
to other abiotic stresses was minimal except for ABA and NaCl.
This indicates that plants treated with PBZ were protected against
other abiotic stresses. Although PBZ had drastic effects on the
growth of tef shoots at the early growth stage, the roots were
largely unaffected for both tef genotypes tested (Supplementary
Figures S5 and S6). Surprisingly, the responses of PBZ treated and
untreated roots to other abiotic stresses were similar for both tef
genotypes.

In addition to shoot and root growth, effects on germination,
survival and biomass of seedlings were also investigated. Among
the six abiotic stresses tested, increasing levels of heat, cold
and H,O, treatments did not significantly influence the three
parameters in both tef genotypes (Supplementary Tables S1
and S2). However, the increasing level of mannitol and NaCl
drastically reduced both the germination and the growth of tef
seedlings in both tef genotypes irrespective of prior exposure
to PBZ.

DISCUSSION

Effect of GA Inhibitors on Plant Height

and Lodging Tolerance
Synthetic PGRs have a significant effect on plant growth and
productivity in terms of total biomass and/or grain yield. The
four GA inhibitors, namely CC, DM, MC, and PBZ, used in our
experiments contributed to substantial height reduction in tef
plants (Figure 1). Height reduction due to PBZ was correlated
to reduced numbers of internodes and shorter cells compared to
untreated plants (Figure 2). Earlier studies on several cereals and
horticultural crops showed that GA inhibitors, particularly PBZ,
were effective in altering the stature of several plant species (Davis
et al., 1988; Berova and Zlatev, 2000; Rademacher, 2000; Currey
and Lopez, 2010; Kumar et al., 2012).

Paclobutrazol treated tef plants were not only shorter than the
untreated plants but also were more tolerant to lodging, the major
yield constraint in tef production (Figure 3). The reduction in
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TABLE 1 | Paclobutrazol improved the productivity and associated traits in
tef under moisture scarcity.

Well-watered (WW) Water deficit (WD)
0 100 M PBZ 0 100 M PBZ

Chlorophyll a 8.30b 12.27 a 6.03¢c 9.25b
(ng/mg DW)
Chlorophyll b 3.06 b 4.46 a 1.88¢c 3.19Db
(rg/mg DW)
Chlorophyll total 11.44 bc 16.73 a 7.45¢ 12.44 b
(ng/mg DW)
Carotenoids 1.70b 226a 1.11¢c 1.87b
(ng/mg DW)
Days to heading 64.6 a 69.0b 64.0a 69.0 b
Days to maturity 89.0a 91.0b 93.0b 95.0b
Days to 100.2 b 116.0a 100.8 b 110.8a
senescence
Number of tillers 2.55b 231a 222c¢c 2.70b
Numbers of 1.75b 1.17b 1.25b 3.25a
panicles
Plant height (cm) 102.81 a 64.17 ¢ 85.12b 61.05¢
Shoot biomass 1278.43 ab 1269.25 ab 807.44 b 1662.40 a
(mg/plant)
Grain yield 119.90 b 176.90 a 77.83b 205.35 a
(mg/plant)

Effect of PBZ and moisture stress on photosynthetic pigments (chlorophyll a,
chlorophyll b, carotenoids) and agronomic traits (days to heading, days to maturity,
number of tillers, numbers of panicles per plant, plant height, shoot biomass, and
grain yield). Means followed by the same letter were not significantly different from
each other (p = 0.05; n = 10).

lodging during the two critical growth periods, i.e., the heading
and maturity, might be due to the substantial decrease in the
height of the plant (Figure 2A) and increase in the culm width
(Figure 2B). These significant changes to the plant architecture
reinforce the tef plants against lodging. The positive effect of PBZ
on lodging tolerance has been reported earlier for rice (French
et al., 1990).

Effect of Drought and Other Abiotic
Stresses on Plant Physiology and
Agronomy

The tolerance of PBZ treated plants to moisture scarcity was
evaluated using key morphological, physiological, and yield-
related parameters. The major morphological indicator for the
drought response in cereal crops is the leaf rolling phenotype as
has been reported for tef and related Eragrostis species (Balsamo
et al., 2006). The higher the proportion of leaf rolling, the less
tolerant the plant is to drought. Our results indicate that the
percentage of plants with non-rolled leaves (i.e., plants with
elevated tolerance to drought) were significantly higher for PBZ
treated tef (Figures 4A,B) and finger millet (Supplementary
Figures S2a,b) than for their untreated counterparts. Similarly, a
significantly higher non-rolling leaf rate was also obtained in the
case of a GA-deficient rice mutant (Figure 5D).

The stomatal conductance of PBZ untreated plants was
severely affected under moisture scarcity, while those of PBZ

treated ones were unaltered under the two moisture regimes
at both the adaxial and abaxial sides of the leaf of tef. Under
moisture deficit conditions, stomatal conductance of PBZ treated
plants was higher than control plants. Similarly, earlier studies
showed that drought tolerant plants maintained higher stomatal
conductance than the susceptible ones (Cruz de Cavalho et al.,
1998; Turkan et al., 2005). In tef, the application of PBZ delayed
the time for the plant to exhibit symptoms associated with
moisture deficiency while it facilitated conditions to maintain
some moisture for the normal functioning of the plant as
postulated in the case of tomato overexpressing AtGAMT1
which catalyze the methylation of active GA (Nir et al,
2014).

Irrespective of the moisture regime, PBZ treated tef plants had
greener leaves and significantly higher amounts of chlorophyll
and carotenoids than untreated ones (Table 1). An increase
in photosynthetic pigments was associated with a higher
photosynthetic rate and therefore had a positive impact on
crop productivity. An earlier study showed that phytyl, a part
of the chlorophyll molecule, was synthesized via the same
terpenoid pathway as gibberellins (Chaney, 2003). Hence, the
higher amount of chlorophyll in PBZ treated plants might be
due to the blocking of the gibberellin pathway, which facilitates
conditions for the increased chlorophyll production. Increased
amounts of these essential pigments due to PBZ application could
also be contributing to the significantly higher grain yield and
shoot biomass, the two uses of tef for human food and livestock
feed, respectively. The tef harvest under limited moisture was
remarkable as an additional 50% shoot biomass and 164% grain
yield were obtained from PBZ treated plants compared to PBZ
untreated ones.

Our findings were in contrast to an earlier study on tef in
which the application of PBZ had significant and negative effect
on seed yield (Gebre et al., 2012). This extremely low productivity
in PBZ treated plants was mainly due to a 98% reduction in plant
height (Gebre et al., 2012) compared to only 50% reduction in
our study. However, a study in rice indicated that PBZ increased
grain yield and quality in rice due to a higher number of spikelets
per panicle and a higher grain filling yield (Pan et al., 2013). This
exceptionally high productivity under moisture scarcity makes
PBZ a chemical with high prospects.

Links between Abiotic Stress Tolerance
and Plant Height

In addition to regulating plant growth, triazoles (including PBZ)
are known to protect against abiotic stresses (Fletcher et al., 2000).
DELLA protein activity was shown to contribute to osmotic
stress tolerance in GA deficient Arabidopsis mutants (Achard
et al., 2006). DELLA proteins are the major regulators of GA
responses and function as suppressors. A GA-GID1-DELLA
mechanism that allows for flexible growth regulation in response
to environmental conditions has been proposed (Harberd et al.,
2009) and may provide an explanation for both the growth and
the stress responses. Reduced stature has been linked with abiotic
stress response, in species such as Arabidopsis and tomato (Nir
et al, 2014). DDFI, an AP2-like transcription factor, was shown
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FIGURE 5 | GA-deficient rice mutants were semi-dwarf and tolerant to moisture deficit. Visual phenotypes (A,B) and plant height (C) of semi-dwarf rice
mutants and their respective wild types after exposure to moisture deficit. (D) Proportion of non-rolling leaf phenotypes under drought (WD), drought followed by

3 days (WD + 3WW) and 7 days (WD + 7WW) of watering. Different letters refer to significant differences among the group of treatments while an asterisk refers to
the significant difference between PBZ treated and untreated samples. ***p < 0.001.

to reduce the amount of GAs and promotes tolerance to salinity

o0uMPBZ w100 pMPBZ stress (Magome et al., 2004).
1.50 ns In order to test the specificity of the abiotic stress response
a in tef plants with inhibited GA, we investigated the influence
2 1.45 " of other abiotic stresses including a hormone (ABA), oxidative
e ns —H stress (H,0O,), sugar (mannitol), salt (NaCl), and temperature
= 1.40 b (heat and cold) on PBZ treated plants (Figure 7). Except
- b for ABA, which is known to be related to drought response
S 1.33 in several species (Okuno et al., 2014; Shanker et al., 2014)
o and NaCl, the other stresses did not substantially alter the
2 1.30 response of the tef plants treated with PBZ while they did
affect the control plants. Thus the protection against abiotic
1.25 i ' i stress seems to be a general phenomenon rather than specific to

WWwW WD drought.

In cereals, little work has been published about the link
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Berova et al.,, 2002) and drought tolerance in wheat (Gilley and
Fletcher, 1997) although the effects on plant stature were not
addressed in these studies. According to Kraus and Fletcher
(1994), genes involved in the response of wheat to reactive oxygen
species (ROS) were increased in plants treated with PBZ and
might be partly responsible for the increased tolerance to abiotic
stresses.

The application of PBZ to trees has been shown to retard
their growth and increase their tolerance to moisture deficit.
According to Chaney (2005), PBZ blocks all three steps that
convert ent-kaurene to ent-kaurenoic acid in the terpenoid
pathway which is responsible for the biosynthesis of gibberellins,
abscisic acid, phytol and steroids. Hence, an alternative route
is taken which produces excessive abscisic acid and in turn
enhances the tolerance of the plant to drought.

Links between Abiotic Stress Tolerance

and Plant Architecture in Cereals
Surprisingly, no in-depth studies have shown a connection
between lodging and drought tolerance in cereals. A study in

barley using GA inhibitors concluded that the shorter the plant,
the more tolerant it is to the environmental stresses of heat
and paraquat (Sarkar et al., 2004). Another study reported a
‘super dwarf’ wheat mutant that is GA insensitive and has
increased drought tolerance (Zhang et al., 2005). Although
shorter and thicker internodes in this wheat mutant were
mentioned, the observations presented were very preliminary.
Interestingly, the authors reported that the mutant showed
altered gravitropism and suggested that the mutation might
involve auxin for two reasons: firstly, auxin is known to be
involved in gravitropism (Moore, 2002), and secondly, the GA
and auxin signaling pathways can both regulate growth through
common targets (DELLA proteins; Fu and Harberd, 2003). In
addition, height reduction and compact lower stalk internodes
(as observed here) resulted from the loss of a P-glycoprotein
involved in polar auxin transport in maize (Multani et al,
2003).

Investigations are ongoing to determine the mechanism
affecting both plant stature and stress tolerance in tef.
A transcription factor may be a likely candidate because it would
account for the broad effects on stress tolerance and shortened
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height. In addition, DELLA proteins, antioxidants and members
of the GA and auxin pathways are being investigated.

As it is known that PBZ acts on the GA biosynthesis
pathway, the expression level of KO2, a key enzyme in early
GA biosynthesis, was measured in both control and PBZ
treated plants using qPCR. The transcript level of KO2 was not
influenced by the application of PBZ (Figure 6). This might
be due to the fact that PBZ is a competitive inhibitor for KO2
by blocking specifically the three steps in the oxidation of the
GA precursor ent-kaurene to ent-kaurenoic acid (Hedden and
Graebe, 1985). In other words, the amount of KO2 is unaltered,
however, its substrate is blocked by PBZ.

In order to enhance the productivity of crops, cereal breeders
are expected to develop crops with multiple desirable traits,
especially lodging and drought tolerance as they are the major
yield-limiting factors. Although the inhibition of GA synthesis
through the application of PBZ resulted in tef and finger millet
plants with increased levels of tolerance to both lodging and
drought, large scale use of PBZ in farmers’ fields is neither
sustainable nor economical. Hence, future research in tef and
finger millet needs to focus on developing cultivars deficient
in GA biosynthesis similar to those developed for rice (Okuno
et al., 2014). This could be achieved through screening natural
or mutagenized populations. Phenotypic screening and/or high-
throughput screening such as TILLING (Targeting Induced Local
Lesions In Genomes) could play a key role in delivering mutant
lines with desirable phenotypes. The implementation of TILLING
in tef has already produced promising semi-dwarf lines (Tadele
et al,, 2010; Esfeld et al., 2013) currently undergoing field testing
in Ethiopia.

CONCLUSION

It is already known that the application of PBZ results in dwarf
plants as has been shown in wheat and rice (Crook and Ennos,
1994). However, reduced height does not guarantee reduced
lodging and no study has yet indicated that these short mutant
plants were also tolerant to drought. Our findings reveal for the
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