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Abstract

Sweet sorghumSorghum bicoloL. Moench) is an important bioengrgrop.There is a
wide array of genetic diversity in sweet sorghum germplasm collectitwwever, information
on traits associated with sugar yield, optimharvesting time for maximum sugar yield, effects
of abiotic stresses on sugar yield is scarce dbjectives of the present study were: to identify
traits that are associated with sugar yield, to determine the optimum harvesting time for
maximum sugar yieléndto understandhe physiological responses of different sweet sorghum
genotypesd droughtand high temperaturdén order to meet these objectives, five independent
field and greenhouse studies were condudisdid experimergwere conductedsing280 sweet
sorghum germplasrandwere evaluatedbr 2 years. From this study, 3@notypes represeng
high and bw sugar yielders were selectéor the subsequent experiment. We observed a
significant variation in physiological, morphological and sugar yield traits associated with
biofuel production. In the selection experiment, investigations on rtifephological,
physiological attributes helped to identify those characters which influence or limit sugar yield in
the sweet sorghumAnother field study was conducted @ptimize theharvesting time for
obtaining highest sugar and juice y®id sweet srghum. Sweet sorghum variety M81E was
harvested at ten growth stagésir results suggest that the optimum time for harvesting of sweet
sorghum cultivar M81E i®etween milk and hard dough stagesen highessugar yieldwas
observedStudies on differentevels ofwaterstress were studied under greenhouse conditions.
Four sweet sorghum genotypes (Awanlek, Smith, Tracy and Wray) were subjected teatieree
stress treatments (100% pot capafREZ) 70%PCand 30%PC) for 20 days akarly seed filling

(Milk) stage The results showed that genotypes differed significantly for all growth and vyield,



biochemical and physiological traitSeverewater stressignificantly decreased juice and sugar
yields by decreasing net photosynthetic rate, transpiratiengtmmatal conductance and sucrose
content in the stem juice. Genotypes Tracy and Wray produced signifibagitigst brix, stem

fresh weight, juice and sugar yielshder both irrigated andater stress conditiondn another
greenhouse study, weiantfiedthe effects of drought, high temperature, and their combinations
on growth, physiology and yield of sweet sorghum genotyples.same four genotypes above
were subjected to four treatmenits - control, T, - drought stress, 3I- high temperature stress

and T, - combination of drought and high temperature for 16sd#ter anthesis. The result
showed that significant difference was observed for growth and vyield traits, physiological traits
and norreducing and total sugar content in juice for genotypet teeatments. Among the
genotypes Tracy recorded higher juice and sugar yield. Among the various treatments,
combination of drought and high temperature was found to be more deleterious in reducing most
of the biofuel traits followed by drought and higinperature stres3he above studies gave
significant findings with regards to the identification of superior sweet sorghum germplasm, their
tolerance capacity to different abiotic stresses, which allows better selection for the use of

bioenergy productian
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Abstract

Sweet sorghumSorghum bicoloL. Moench) is an important bioenergy crdgnere is a
wide array of genetic diversity in sweet sorghum germplasm collectitwwever, information
on traits associated with sugar yield, optrmharvesting tne for maximum sugar yield, effects
of abiotic stresses on sugar yield is scarce. The objectives of the present study were: to identify
traits that are associated with sugar yield, to determine the optimum harvesting time for
maximum sugar yielédndto uncerstandthe physiological responses of different sweet sorghum
genotypesd drought and high temperatuita. order to meet these objectives, five independent
field and greenhouse studies were condudisdid experimergwere conductedsing280 sweet
sorchum germplasnandwere evaluatefbr 2 years. From this study, 3f@notypes representing
high and bw sugar yielders were selectéor the subsequent experiment. We observed a
significant variation in physiological, morphological and sugar yield traitecaged with
biofuel production. In the selection experiment, investigations on the morphological,
physiological attributes helped to identify those characters which influence or limit sugar yield in
the sweet sorghumAnother field study was conducted @ptimize theharvesting time for
obtaining highest sugar and juice y®id sweet sorghum. Sweet sorghum variety M81E was
harvested at ten growth stagésir results suggest that the optimum time for harvesting of sweet
sorghum cultivar M81E idetween nik and hard dough stageghen highessugar yieldwas
observedStudies on different levels ofaterstress were studied under greenhouse conditions.
Four sweet sorghum genotypes (Awanlek, Smith, Tracy and Wray) were subjected teatieree
stress treatmmds (100% pot capaciffPC) 70%PCand 30%PC) for 20 days akarly seed filling

(Milk) stage The results showed that genotypes differed significantly for all growth and vyield,



biochemical and physiological traitSeverewater stressignificantly decrased juice and sugar
yields by decreasing net photosynthetic rate, transpiration rate, stomatal conductance and sucrose
content in the stem juice. Genotypes Tracy and Wray produced significantly highest brix, stem
fresh weight, juice and sugar yield undeth irrigated andvaterstress conditiondn another
greenhouse study, wgiantfied the effects of drought, high temperature, and their combinations
on growth, physiology and yield of sweet sorghum genotyples.same four genotypes above
were subjectedb four treatmentsT; - control, T, - drought stress, 3I- high temperature stress,

and T, - combination of drought and high temperature, for 16sddter anthesis. The result
showed that significant difference was observed for growth and yield phitsiological traits

and norreducing and total sugar content in juice for genotypes and treatments. Among the
genotypes Tracy recorded higher juice and sugar yield. Among the various treatments,
combination of drought and high temperature was found tadre deleterious in reducing most

of the biofuel traits followed by drought and high temperature stidss.above studies gave
significant findings with regards to the identification of superior sweet sorghum germplasm, their
tolerance capacity to diffené abiotic stresses, which allows better selection for the use of

bioenergy production.
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Chapter 1 - Review of literature

General Introduction
The production of biofuels (largely ethanol) in the wogeew by 13.8% in 2010, and

accounted for 0.5% of globarimary energy consnption Today, biofuels represent 3% of the
global road transportuel supply and are expected to account for as much a®W¥O&050
(Calvino and Messing, 20L1Currently, Brazil and the United States are the world lead®ers
ethanol productior{Mussattoet al., 201). In Brazil, ethanol is fermenteffom sucrose that
accumulates in the stems sfigarcangSaccharum officinarunk.), whereasin the US it is
produced fromMaize(Zea mayd..), whichaccumulates about 85% starch in its seeds. Although
the price of oil could play a significant role in influencing tlexpansion of biofuelstheir
production costs will also depend on ingosts. Thus, reductions in costs are closely tied to the
prices of feedstock commodities. Indeed, for conventidmafuels talay (firstgeneration
biofuels),feedstockaccount for 4670% of total production cost€alvino and Messing, 2011
This is especially important for sugarcamesedand corrbased ethanol, where both crops are
cultivated under high input conditions redud significantamounts of water and fertilizers.
SweetSorghum $orghumbicolor (L.) Moench)is consideredas a importantenergycrop
for the production of bioethanalue to highbiomass drought tolerance, relatively low input
requirements and abilityp grow under a wide range efhvironmental conditionéSteduto et al.,
1997; Mastrorilli et al., 1999)Furthermore, in contrast to maizeyeetsorghum accumulate
large amount of fermentable sugars in sté@sansounou et al., 2009yies et al., 2010)vhich
can be easily fermentddr ethanolproduction House et a).2000. Despite all the agronomic
advantages adweetsorghum as &ioenergy crop, little scientific effort has been directethin

past toward the elucidation siveetsorghum traits relent to biofuel production.



There are many cultivars of sweet sorghum distribtitedughout the world, providing a
diverse genetic base fromvhich to develop regionally specific, highly productiealtivars
(Audilakshmi et al., 2020 Traits like plant heght, stem diametegreenbiomass stemsugar
content,and stemuice extractabilityar e t he maj or contri butors f ol
importance (Almodares et al.,2006; Almodares et al.,2008). However, these traits are
guantitativeand polygenic nheritancein nature andare complexo be manipulated directly in
breeding proceduré&Zou et al., 2011)Therefore, tasuccessfully improve these complex traits,
they need to bdissected into smaller morphological, physiological giett components, wich
could beeasily analyzed andvaluatedPrevious studies have suggested that much variability
exists in juice quality, sugar content, and juice yield among the U.S sweet sorghum collections
(Ali et al., 2008; Murray et al., 2008a; Murray et al., 200%ksihda et al., 2009However,
information on the extent of variation in growth (plant height and stem diameter), physiology
(chlorophyll content an&v/Fm) and components of stem sug°briX, juice yield and stem fresh
weight) among sweet sorghum gerngolaare limited.Furthermore, correlations between the
traits are of great importance in selection process for successful breeding prddramasare no
studies that showed direct correlation between physiological traits and sugar yield.

Also, the relatioships betweemmorphaphysiological and stem sugar yield traits are not
clearly understoodSugar yieldis a quantitativetrait, which is the resultant of varioudraits
contributing together during the crop growtkhich are interdependent their develoment
The interrelationship between traits can be studied by principal component analysis (PCA), a
powerful statistical tool by which the complex traits can be analyzed.

Sweet sorghum harvest playsignificantrole in determining juice and sugar yielthe

juice sugar yield depesan the plant age of development (Sipos et al., 2009jrose starts to



accumulate in the stem during inflorescence antdlater stages competition occurs for
carbohydrates between stem and developing grain. At matheicarbohydratesnobilized from
stem and leaves to grairfsucrose content argtainyield are indicators of how assimilates are
partitioned between two sinks (grain and stad®gnce,it is important to determine and optimize
thestage of development that prdgs maximum yield potential fguice andsugarproduction

Sorghum is mostly grown under rainfed condiiorAlthough sorghum iselatively
tolerantto individual effects of drought and high temperattine stress response depends upon
the intensityrate and duration of exposure and the crop growth stdgesphysiology, growth
and development of sweet sorghame different from grain sorghum due to greater need for
carbohydrate accumulation in teeemversus the grain sorghum wisieedsThe potetiality of
sweet sorghum to produce juice for sugar has been exploited to little extent skemsigve
stages of cropSincesweet sorghunexhibits drought resistant,;@etabolismemerging studies
reveal inability of the crop to tolerate the dual effeictirought and increased temperatuiidse
impact of water stress (drought), high temperature, and its combirdatrorg reproductive
stages of crop development are not clearly understood and needs investigation.

The objectives of the present study war€l) quantify genetic variability for plant height,
stem fresh weightebrix, juice yield and sugar yield in sweet sorghum germplasnd to
identify potential droughtalerant sweet sorghum genotypes, (2) determine the optimum harvest
time for obtainingmaximum juice vyield, (3)obtain information on the various growth and
physiologicaltraits influencing sugar yield(4) quantify effects of water stress on brix, juice and
sugar yield, and (5) quantify effects of drought, high temperature and its coimbioatjuice

and sugar yield characteristics.



Why sweet sorghum?

The use of sweet sorghum to provide liquid fuels for the transport sector is not a new concept
(Rothman et al., 1983). However, the economics of liquid biofuel production are still hotly
delated (Bauen, 2000), despite 25 years of l@gpe experience in Brazil and USA. According

to Sen (1989)Saccharomyces cereviswill convert 1.00 g glucose into 0.51 g ethanol and

0.49 g CQ following about a dozen enzymatic steps of the Emideygeriof-Parnas pathway.
However, under commerci al conditions, the 0610
at 5% of the sugar mass and a further 7.5% is estimated to be lost as a result of the production of
other chemicals (fuel oils, glycerine, dceacid, estersetc). In addition, 1.5% is lost during
distillation (Energy Authority of NSW, 1986), and a further 3% is lost during the juice extraction
process, either in the bagasse or in the filter mud. Finally 48.9% is lost a3he@fore, the

total amount of sugar that ends up as ethanol on a mass basis-{@81®3+1.5+7.5+5%)] =

34.1%. The specific gravity of ethanol is 0.789; therefore, 1 g of sugar in sweet sorghum stems
will produce 0.432 cc ethanol (0.341/0.789), if used directly foareihproduction. Given that

sweet sorghum may be expected to produce 12% sugars (stem fresh weight basis) and a yield of
60 t stems Hj an ethanol yield of (60*0.12*0.341 = 2.46 t EtOH) = 3100 litres (819 gallons)

ha' will be produced. Sweet sorghumrived ethanol would be competitive and cheaper than

the imported cost of gasoline and the ethanol has a greater value on the world markets. It was
expected that the market for bi ol ogically de
production as dis@sed below. In 1998, a total of 8.6 billion gallons of ethanol were produced
globally, of which 60% (5 billion gallons) was derived from sugar ci@sugarcane and sugar

beet. A further 33% (2.8 billion gallons) was produced from grain crops, andrttaening 7%

(0.6 billion gallons) from synthetic sources, primarily natural gas. In the U.S., corn is suggested
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as a prime candidate for biofuel production, but more ethanol can be produced from an acre of
sweet sorghum than an acre of corn. The totahelharoduction in 2006 was estimated at about

5.4 billion gallons which is equivalent to 3% of the total U.S. gasoline consumption; to raise

et hanol use to 10% in gasoline nationwi de wo.l
Hence there is a greacope for biofuel industry to produce ethanol in near future; at that time,

technology for maximizing sweet sorghum stem growth would be of immense use.

Sweet Sorghum is a valuable source of biofuel

The greatest features to use of sorghum for fuehespresence of two different traits: sweet
sorghum is an attractive bioenergy crop that would allow significant increases in the sugar
accumulation in the stems and brown midiion() which results in reduced lignin levels for

biofuel production.

Sweet sgghum is one of the many types of cultivated sorghum and is highly adaptable
cereal crop, which when coupled with its large genetic variability, contributes to its ability to
rapidly provide efficient biofuel production from grains, sugased and bioma$sedstockThe
sweet sorghum stalk contains approximately equal quantities of soluble (glucose, fructose and
sucrose) and insoluble carbohydrates (cellulose and hemice)l@lesberg et al., 1983Their
juice contains a great quantity of -2B per centotal fermentable sugars that can be easily
fermented and thus provides a better source of carbohydrates for the production of fuel ethanol
(Woods, 2001). Sweet sorghum provides high biomass yields, which is essential for good
economic and energy returnrd.owever , unl ess key biomass fdAqua
sweet sorghum may be too difficult to process

parameters are polaritlgrix, sucrose purity and preparation index. Under good conditions, sweet



sorghum can outperform corn in terms of total biomass production over short periods. Sweet
sorghumés rapid growth and abil it y-insensitivee ac h
character are favorable for its production. Higelding varieties hae now been developed that

are capable of producing well over 60 tonnes per ha (fresh weight of-gbmwsd biomass) in 5
months under good agronomic conditions. It is among the most efficient crops requiring less
fertilizer, among the crops most toleraot drought (Mastrorilli et al., 1999), and can be
successfully grown in senrairid regions, making it an efficient user of water (310 kg of water/kg

of dry matter) under those circumstances. It has a strong root system and the epidermis of the
root is coveed by a layer of heavy disilicic till the root grows to ripening and thus makes it still
has an enough mechanical intensity during the drought period to prevent the root system to
collapse(Li Dajue, 1997) It was observed that although photosynthesis slightly affected by
drought, sweet sorghum juice quality was not affected (Massaci et al., 1996).

Sweet sorghum is a kind of crop with two sinks. Stalk and panicle grew together from the
stem elongation in sweet sorghum. Stalk was the main centre othghaw panicle was the
secondary one from the elongation to the heading. The panicle became the main centre of growth
but stalk was the secondary one after heading. The two kinds of growth matched side by side
from the elongation to the maturity at whigimé the amount of the accumulation of dry matter
in stalk and panicle rose to the maximum value simultaneously. Therefore, sweet sorghum was in
the state of simultaneous growth of the vegetative and reproductive organs, which lasted above
80 days that acemted for 60% of whole duration of development. Because of the longer time of
the growth of stalk, the higher rate of distribution of dry matter to stalk, the final ratio of dry
matter among the different organs was stalk> panicle > leaf> sheath (Djamaguiret al.,

2005).



Source leaves are the primary site of photoassimilate production, but the plant faces a
dilemma with respect to allocation choices for photoassimilate. Many tightly regulated metabolic
steps control the accessibility of photosynthadticfixed carbon to the phloem transport system.
Control at the source end is governed largely by rates of photosynthetic incorporation éf CO
typical higher plant has a myriad of sink tissues that depend on the source leaves for
photoassimilates. Rewe studies indicated that reproductive sinks represent only a small
proportion of potential sinks on a plafMa Hongtu and Hua Xiuyingl986) Hence, there is a
scope to improve the vegetative sink (stalk in sweet sorghum). The vegetative sinks, have the
unigue property of being able to act both as sinks for assimilates and as sources of assimilates for
phloem transport, depending on the carbon needs of the plant at a particular growth phase, unlike
the terminal sinks (seed) act as sinks only for assiesil@@arbon partitioned to terminal sinks is
unavailable for remobilization out of those sinks. Studies indicate that assimilates in the stems
start accumulating during their development of the inflorescence. During this period there is no
competition betwen grain development and sugar accumulation. Before anthesis, stem becomes
the preferential sink, accumulates more sugar at the expense of growth of apical internodes
(Djanaguiraman et al., 2005) and foliar spray of nutrients and PGRs during peak ve gtaajy

and after anthesis enhanced the source activity enabling the elongation of stem and sugar yield.

The economic value of sweet sorghum is in the stem and not in the grain as in the grain
sorghum. Hence, if photosynthates used in grain formation emelapment could be diverted
into the stems, stem yield and juice quality may be improved. Sweet sorghum stores starch as the
principle nonstructural carbohydrate in grain, but primarily stores sucrose in the stems (Miller
and Creelman, 1980). It is speatdd that the smaller grain yield in sweet sorghum may be due

to competition between elongating stems and preanthesis head development (Willey and



Basiime, 1973). In sweet sorghum, the sugar mainly sucrose, is accumulated in large amounts in
the stem durig the development of the inflorescence, when the panicle has formed and is
emerging from the boot. During this period there is no competition between grain development
and sugar accumulation (Lingle, 1987). Sucrose in the stem may increase or remaimt consta
between the soft dough and the ripe stage of the grain, depending on variety. However,
distribution of sugars, starch and acid is not uniform throughout the sweet sorghum stalks
(Broadhead, 1972). The four top internodes representing about 18% ofaliheveight are

higher in starch, titrable acidity and sucrose than the remainder of the stalk. Internodes near the

ground level are higher in invertable sugars (Coleman and Stokes, 1964).

Broadhead (1973) and Ferraris (1981) observed that deheading svgteins increased
brix, sucrose and starch, but stems contained less juice than normal plants. In addition, Ferraris
(1981) also observed that leaves of deheaded plants remained green for longer and the stems
were less prone to lodging. Tillering in sweerghum could be profitable if all the tillers
produced by crown buds developed to maturity. This would mean an increase in the number of
stems and prolonged harvesting period, since, the main shoot matures earlier than tillers.
Tillering is also useful inhat the roots that develop from the basal nodes lend physical support
to the plant and reduce root lodging. However, not all the tillers develop up to marketable size.
At high population densities some tillers grow tall and thin and others die due t@tdamp

constituting a loss in economic yield (Ferraris, 1988).

Genetic dversity in sweet sorghum

Sorghum $orghum bicolofL.) Moench) is one of the crop species that sanvive the harsh

climatic conditions of the arid environments (Ritter et al.,7208orghum bicolorcontains both



cultivated and wild races and possessignificant amount of genetic diversity for traits of
agronomic importance (Hart et a2001). It is used as a source of grain food, syrup fuel, and
feed for livestock. Sweetorghum, a type of sorghum accumulate high levels of sucrose in the
parenchyma of their juicy stems (Murrayagt 2009; Vietor and Miller, 1990andhas recently
received attention as a source of biofugbdney et al., 20Q7In the US, sweet sorghum has
been researched for biofuel fanore than 30 years (Lipinsky, 1977), with primary research,
development and breedistarting in the late 1970s (Murray et al., 2009) because of the high oll
costs and need faalternative energy sources. Under favorable damts, sweet sorghum is
capable ofproducing up to 13.2 metrimns per hectare of total sugars, which is equivalent to
7682liters of ethanol pehectare (Murray eal., 2009).Sweet sorghum gene pool creation had
not received much attention mairgcaue it was not considered to be among important crops
in the US, and the pedigregormation is scarce and incomplete. Most sweet sorghums released
in the US weredeveloped by public breeding programs in the 1900s and are mainly open
pollinatedcultivars (Svanson and Laude, 1934). The improvement was done mainly on syrup,
sugarconcentration and biomass, with lines primarily selected for improved disease resistance
(Murray et al., 2009). Sweet sorghums were introduced to the US as landraceésricanand
China in the 1850s (Murray et al., 2009), and other cultivars were devdimeedsome with
unknown origin. Genetic diversity or knowledge on patterns of diven$igenetic resourcess

of great importance (Warburton et &008), and is a keycomponat in crop improvement and
plant breeding. Th&leridian, Mississippi Station tried curating what may be whueld sweet
sorghumcollection, and when it closed, materials were transferred to the USDA sorghum
collection in Griffin, GA (Freeman, 1979). Thusany diversity studies haveoncentrated on

cultivars/lines that are common and known, leaving the vast majorityeodollection (genetic



sources) unexploitedn this study we tried to incorporate both temmonly used lines together
with rarely used hes, and accessions from other sorgleoitections.

Evaluation and learacterization of germplasm are the-prquisite for the utilization of
the available diversity in the crop improvement programmeweet sorghum, the most useful
traits for selectiorare plant height, stem diameter, brix and juice yield (Ali et al., 2008; Murray
et al., 2009)However, these traits are quantitative and polygenic inheritance in nature and are
complex to be manipulated directly in breeding procedure (Zou et al., 20héddefdre, to
successfully improve these complex traits, they need to be dissected into smaller morphological,
physiological and yield componentdt was previously reported that significant difference in
brix was observed in the U.S sweet sorghum germpl@si et al., 2008). Genotypic differences
for brix and plant height have also been reported in a panel of 125 sweet sorghum collections
(Murray et al., 2009). Studies also show much variability exists in sugar content and juice yield
among the U.S swesbrghum collections (Murray et al., 2008a; Makanda et al., 26la®yever
variation in growth (plant height and stem diameter), physiology (chlorophyll content and
Fv/Fm) and components of stem sug®br{x, juice yield and stem fresh weight) among sweet
sorghum germplasm is less investigated than other aspacthermore, correlations between
the traits are of great importance in selection process for successful breeding programs.

In sweet sorghunstalk yield hasignificantpositive correlations withlpnt height, stem
diameter anduice yield (Audilakshmi et al., 2010) and als@teong association of sugar yield
with brix was noticed (Pfeiffer et al., 2010)herefore,selection for stalk yield should be
focusedon plantheight stem diameterbrix ard juice yield Studies have shown that there was
significant negative correlation between grgields and stem biomass which might eventually

lead to reduced sugar yie{tMakanda et al., 2009However, there are no studies that showed
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direct correlationbetween physiological traits and sugar yielkhe relationships between
morphaphysiological and stem sugar yield traits are importaagar yields a quantitativerait,
which is theresultant of variousraits contributing together during the crop gribmwwhich are
interdependent itheir development. It jdesirable to studihe association between yield and
yield attributing traits since this would facilitate effectiveselection for simultaneous

improvement of one anore yield influencing componesnt

Timing of harvest in sweet sorghum

The time of harvesting and determination of maturity of sweet sorghum are very crucial in
obtaining sweet sorghum with high sugantent and juice yieldSince ethanatan be obtained
from juice sugar content, theraf® identifying the best stageof harvesting and determining
maturity could bebeneficial in obtaining high ethanol yield.
The maturity of sweet sorghunan be classified asarly-flowering, flowering, lateflowering,
earlymilk, latemilk, softdough, haid-dough, and ripe (Bitzer and Fox, 20p0Sucrose is
accumulated in large amounts in the stem during inflorescence development (McBee and Miller,
1982). Hence, there may be a competition for carbohydrates between stem and developing seed.
At maturity the sgars (reducing and needucing sugars) were mobilized from stem and leaves
to grains. The amount of assimilates allocated for sucrose biosynthesis in the stem and grain
depends omartitioning Much of the work regarding carbohydrate production fromyestdges
of growth to maturity has been reviewed by many researchietseg and Miller, 1982; Ghatode
et al., 1991; HoffmaiThoma et al., 1996 The results showed that the total sugar content varied
as the crop approaches maturithe different stages ohaturity alsoaffect the sugar conteof
sweet sor ghumbhe juiset seigar cpntemt cdepended tre plant stage of

development, because at the ealgvelopment stage, fructose is more abundant, whereas
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sucrose is dominant after heading (Sipbsale 2009). Atmaturity, the sweet sorghum juice
sugar content rangefdlom 10 to 28 Brix (Reddy et al., 2007aMany studies have already
reported that sugar accumulation in the sweet sorghum stalk juice starts from booting stage.
Websteret al. (1948) showed a minimal change in total sugar content up to heading, while
Hermann (1942) reported that the sugar content increased until head formation. McBee and
Miller (1982) found that sucrose increased from the preboot to anthesis. Lingle (1987) reported
that sucrose concentration in the stalks increased 7 folds between boot agdamidilling
stages. Ghatodet al.(1991) noticed that the brix, reducing sugar and-mealucing sugar in the
juice decreased when plants were harvested at maturity or rige stag

Hills (1990) suggested thate sugar content in the sweet sorghum stalk increases between
the milk stages and dough stages most cultivars.Ilt then starts to declinégowards the
physiological maturity Sugarin sweet sorghum begirte accumulateduring the early stage of
plantd evel opment . At the beginning of the harves:c
stem juice is approximately 12.8Brix and as sweet sorghum reaches maturity the sugar
concentration increases up to® Bfix (Prasacktal., 2007).

Almodareset al (2007 has reportedhat during flowering, the sugar content is lowest.

Thisis mainly because of the presence of high acid invertase enzyme during the flowering stage
Hills (1990 reported thafor most cultivarssugar concet r at i on i n sweet sorg
starts to increase during the milk stage to the soft dough stage of the seed and then decreases as
the seeds become more mature. Hunter and Anderson (1997) cited that sugar content of sweet
sor ghumoés slmest double between thé dough stage and physiological maturity

compared to the sugar content between the milk and doagéss There was no investigation on
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ideal harvesting time of sweet sorghurar M81Efor highersugarand juice yield Hence, it is

importantto determine the optimum harvesting time of the sweet sorghum stalk.
Effect of water stress (Drought) in sweet sorghum

Droughtstress one of the multiple environmental stresses, affeatiagp productivityand
accountingfor more than a 50% redueh in yields worldwide (Boyerl982).The Great Plains
within the United States, including Kansas are suitable for the cultivation of sweet sorghum, but
the weather in this region has changed substantially over the last 30 years, which indicates that
appopriate agronomic practices need to be identified and recommended for economically
productive cultivation of the crop. Although there has been a reduction in rainfall frequency due
to uneven precipitation being experienced in the region, the change ihewsaggests that
extreme conditions like heavy rainfall, heat waves and drought can be expected, particularly in
these areas. Water resources are already stressed in the region and the weather projections for the
next 78 decades indicate that drought Iwile the major factor affecting most facets of
agriculture in these regions.

Generally, sweet sorghum is grown in the sand regions of the world. In these regions,
optimum irrigation is vital for maxiacaseiang cr
signiycant reduction i n s o(iHapyarimana bti ab. 20845 s and
Vasilakoglou et al., 2010)Ability to produce consistent fermentable sugars under variable
environmental factors is necessary to harness sweet sorghum as alpgtente of biofuel. The
sucrose content in therop is highly dependent on the environmental conditions, especially
during the reproductive, ripening stage as this is the prime factor which determines the actual
levels of sugar recovery upon harvest asdlas the potential for its exploitation for industrial

alcohol production.Also, little is known about the photosynthetic characteristics in sweet
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sorghum under drought stredsastrorilli et al. (1999) found that temporary soil water stress in
sweet sagghum significantly reduced water use efficiency at the early stage, but it had no
significant effect on water use efficiency at the late stagevef drought stressaused
photoinhibition of sweet sorghum and decreaseater use efficiencyand stem biomas
(Tingting et al., 2010)

Drought stress affects various physiological processes such as leaf temperature, leaf
chlorophyll, chlorophyll a fluorescence Kv/Fm), stomatal conductance, transpiration and
photosynthesis in various crops (Silva et al., 200).studies on sugarcané&gccharum
officinarumL.), stem diameter (Da Silva and Da Costa, 2004), and stalk height and cane yield
(InmanBamber and Smith, 2005) were severely affected by drought conditions. Drought also
resulted in morphological changes smgarcane, which included reduced leaf area, thicker
leaves, less responsive stomata and increased ratio of roots to shoots (Hussain et al., 2004).
Sugarcane yield decreases by 29.2% and 18.1% respectively in severe and moderate drought
stress conditionfHussain et al. 2004Prought stress experiments on sugar bBetd vulgaris
L.) have shown adverse effects on both leaf photosynthesis as well as sucrose yields in the
mature plants (Monti et al., 2006). They also reported that drought stress inlyhgreath
period was negatively associated with the sucrose content at maliogyetti et al. (2002)
observed that optimum irrigation is the key to have higher sugar yields for sugar beet cultivation
in semiarid Mediterranean terrains.

In sweet sorghupplant height, stem diameter, stem fresh weight, juice yield, brix and stem
sugar contents are the most important characteristics for biofuel production (Murray et al., 2008,
Pfeiffer et al., 2010). The above established characteristics were obtaingbisnder optimal

irrigation conditions (Vasilakoglou et al., 2010)here are no systematic studies describing
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sensitivity of reproductive stage of sweet sorghum to drought stress. Further improvement of
drought tolerance in sweet sorghum is still a needirhproved biofuel production efficiency.
Identification of the most suitable genotypesich are unaffected by drought during the
reproductive stages as far as their juice and sugar yields are concerned, as it is this crucial stage

for the exploitation bthis crop as a potential biofuel source

Effect of combination of stresses (Drought and High temperature) in sweet

sorghum

Drought and high temperature, often occur simultaneously, are important environmental
factors restricting plant physiological pesses and thereby plant growth (Shah and Paulsen,
2003). Global climate change for instance contains to brimgva reality of environmental
effects,presumably increases in global temperature, uneven precipitation, and severe drought in
arid and semarid areas,on crop productivity(Wigley and Raper2001; Chaves et al2003).

Most studies thus far havecused on crop response to drought and high temperature singly, and
few studies have focused on combination of these two stresses. For exdnoyddtand high
temperature caused detrimental effects on wh&atidum aestivumL.), sorghum, barley
(Hordeum vulgarel..) and various grasses (Savin and Nicolas, 1996; Machado and Paulsen,
2001; Shah and Paulsen, 2003; Xu and Zhou, 2006). However, studies effett of these two
environmental stresses either singly or in combination is scarce in sweet sorghum.

Droughtstresscaused significant impact on various sugar yielding crops affecting their yield
potentialities. In sugarcan8&4ccharum officinarur.), cane yield was decreased by 29.2% and
18.1% respectively in severe and moderate drought stress conditions and led to morphological
changes such as reduced leaf area, thicker leaves, less responsive stomata and increased ratio of

roots to shoots (Hussaat al., 2004). Drought experiments on sugar bget vulgarisL.) have
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shown adverse effects on leaf photosynthetic activities and sucrose yields in mature plants
(Monti et al., 2006)Drought stress resulted in reduced root dry weight, leaf water @dtent
photochemical efficiency in many grass species (Aronson et al., 1987; Carrow, 1996; Perdomo et
al., 1996; Huang et al., 1998a).

High temperatures have negative effects on most crops in various @elyaffért and
Gourley 1982). Most crops grow weht optimum temperatures which mainly correspond with
the optimum photosynthesis levels. High temperatures affect photosynthetic processes (Al
Khatib and Paulsen, 1984) with increased sensitivity of peggtem (PS) Il Xu and Zhou,
2006). High temperatte stress causes thylakoid membrane damage and further down regulates
PS Il photochemistry which led to increased proportion of closed PS Il reaction centers (Grove et
al., 1986). In addition, leaf chlorophyll degradation is highly correlated with higheteture
(Prasad et al., 2009). High temperature stress also causes leaf temperature to rise above air
temperature by decreasing transpirational cooling and thus, make the plant more susceptible to
photoinhibition (Falk et al., 1996).

Recent studies reves that plant response to a combination of drought and high temperature
is uniquely differently from the effect of individual stress conditions (Rizhsky et al., 2004).
While drought remains the single known environmental factor that directly affects yiaiets
status, the severity of drought and high temperature combination is enormously dependant on the
prevailing temperatures. Ludlow et al. (1990) reported that combined stresses of drought and
high temperature significantly reduced grain yield in songhbn addition, combined effects of
drought and high temperature strongly affected water relations of both wheat and sorghum
(Machado and Paulsen, 2001). As the combined effect of these two stresses are distinct in reality

to independent stress effectsather crops, theelationship between drought, high temperature
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and their combinations against sugar accumulation in sweet sorghum needs thorough
understanding.

In sweet sorghum, the most important traits for biofuel production are plant height, stem
diameer, stem fresh weight, juice yield, brix and stem sugar contents (Murray et al., 2008;
Pfeiffer et al.,, 2010) and are determined by the efficient physiological behavior of the plant
under different environmental conditions. Previous studies showed Hyat htight is highly
correlated to juice yield and stem fresh weight (Murray et al., 2008). There is also a significant
linear correlation between brix and total sugar content of the juice (Audilakshmi et al., 2010).
However, optimal growing conditions ens better plant growth without affecting physiological
functions to produce sustainable juice and sugar yield in sweet sorghum (Vasilakoglou et al.,
2010).

Sweet sorghum varieties differ in their ability to produce and store sugar in stem (Ali et al.,
2008). Mostly, sugar accumulation in stems takes place during inflorescence development
(McBee and Miller, 1982) and is accelerated after post anthesis (Prasad et al., 2007; Almodares
et al., 2008). Environmental factors such as temperature and water lgvgreaty determine
juice quality and amount. Even though sorghum can withstand moderate high temperatures and
drought, occurrence of either drought or high temperature or their combination during early grain
filling (milk) stage were not thoroughly studidor their effects on growth, physiology and yield.

It is important to understand these effects to predict bioenergy components and selection of

genotypes suitable for cultivation under varying stress environments.
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Chapter 2 - Characterization of sweet sorghum $orghum bicolorL.
Moench) germplasm for growth, physiological and bioenergy traits

under irrigated and rain-fed conditions

2.0 Abstract

Sweet sorghumSorghum bicolorL. Moench) is emerging as amportant bioenergy
crop. The value of the crop as biofuel feedstock is affected by a number of inherent
morphological and physiological traits. The objective of this reseaashto characterize sweet
sorghum genotypes and determine genetic varialmlityaits associated with biofuel production
under rain fed and irrigated conditions over two ye@hdorophyll content, photosystem (PS) Ii
photochemical efficiency,Hv/Fm) at flowering andbiomass, juice yield andugar contenat
maturity were measuredRain-fed performance was assessed based on the relative sugar yield
reductionin each genotypeompared tdts performance unddrrigated condition.Genotypes
showed a large and significant variation for juibex and sugar yield and physiological tgit
(leaf chlorophyll content an&v/Fm). Mean brix ranged between 6.2 and 20.7%, juice yield
between 124.7 and 914.9 plant’); while sugar yield ranged from 17.0 to 118gp{ant?).
Comparedwith irrigated condition, mean values for these traits undérfed trials were
reduced by 31.7, 34.5 and 62.3%, respectively. The top 27 entries had sugar yield higher than the
Mean+2SE. There was positive and significant correlation between sugar yield and plant height,
stem diameter, PS Il photochemical effrmg (Fv/Fm), juice yield, stem fresh weight and stem
dry weight. Overall, genotypic variabilityas measuredh brix and sugar yield can be utilized

for the development of sweet sorghum hybrids.
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2.1 Introduction

Dwindling fossil fuel reserves and growinigmand for energy have resulted in increasing
fuel prices, and a search for alternative energy sources such as biofuels. The ideal source for
biofuel would be biomass based substances that does not compete with food production. Sweet
sorghum (8rghum bicobr L. Moench) is a biomass cragwown in the tropical and sttibopical
regions of the world. Sweet sorghum has high sugar content in the parenchyma of stems, which
can be fermented for ethanol production (Vietor and Mill&90; House et al2000). Ethaal
can also be produced from dry biomass (cellulose and hemicellulosef)eagdainof sweet
sorghum (Habyarimana et a2004). Hence, sweet sorghum is becoming a popular energy crop
throughout the world\Mastrorilli et al, 1999; Rooney et al2007; Vermerris et a).2007).

Collection and characterization of germplasm is the foremost step in building a gene pool for
crop improvement. Development of suitable genotypes is primarily based on the breadth of this
pool and the ability to identify sources twithe desired traits (Natoli et a2002; Ritter et a).

2008; Makanda et al2009). In sweet sorghum, the most useful traits for selection are plant
height, stem diameter, brix and juice yield (Ali et, &008; Murray et a).2009). It was
previously eported that differensein brix wereobserved in the U.S sweet sorghum germplasm
(Ali et al., 2008). Genotypic differences for brix and plant height have also been reported in a
panel of 125 sweet sorghum collections (Murray e2809).Earlier studiediave indicated that

high ethanol production from sweet sorghum could be achieved through increased sugar yield,
which has a strong association with stem fresh weight, brix and juice yield (Ravi ¥94;

Pfeiffer et al, 2010). Recent studies have icated that sweet sorghum genotypes with taller
height and wider stem diameter may have higher sugar yield (Pfeiffey 20 0). Despite these

and the growing role of sweet sorghum as biofuel feedstock, information on the extent of

variation in growth (lant height and stem diameter), physiology (chlorophyll content and

29



Fv/Fm) and components of stem sughriX, juice yield and stem fresh weight) among sweet
sorghum germplasm are limited.

Sorghum is a ¢plant, which has higher watese efficiency thawther grain or sugar crops
under both irrigated and drought conditio&geduto et al.1997; Gnansounou et a2005 and
requires relatively low inputs (water and nitrogelaétrorilli et al, 1999. Reports on sugar
yielding crops indicated that drougsiress decreased stem height, stem diameter, stem biomass
and sugar yield in sugarcartgaccharum officinaruinDa Silva and Da Costa004; Silva et a).
2008) and decreased the leaf and root growth and sugar accumulation in sugd&etseet (
vulgaris) (Bloch and Hoffmann2005; Hoffmann 2010). In sorghum drought stress had no
influence on total stem sugar accumulation despite decreases in photosynthetic rate (Massacci et
al., 1996). However, the impact of drought stress on juice yield is not well dodedhim sweet
sorghums. Thus, identification of suitable genotypes that are capable of accumulating higher
juice and sugar yield under drought stress is important task for achieving greater bioethanol
production.

We hypothesize that genetic variability €si among sweet sorghum genotypesbfor and
juice yield and drought stress decreases both traits. The objectives of this research were (i) to
guantify genetic variability for plant height, stem fresh weight, brix, juice yield and sugar yield
in sweet soghum germplasm and (ii) to identify potential drought tolerant sweet sorghum

genotypes.

2.2 Materials and Methods

2.2.1 Plant materials

A total of 280 sweet sorghum genotypes were obtained from Plant Genetic Resources

Conservation Unit (PGRCU), Griffin, €rgia. These genotypes were originally collected from
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diversified origins including Africa, Asia, Australia, Europe, South America and North America
and were part of the US historic sweet sorghum collection (Wang 208B).Their identifiers

and placeof origins are shown in Tabkz1

2.2.2 Experimental site and environmental conditions

All 280 germplasm were evaluated in threevironmentsduring 2007 (irrigated) and 2008

(irrigated and rairffed) at Ashland BottomResearch Farmear Manhattan, Kans#krigated -
39A08E396A8B8NRE39. 2&W, Al fedtudle06 EH0986 2A@BRERAI A& W
Altitude: 323 m). Experiments were conducted on a chase silty clay loam soil (clay 12%, silt

60% and sand 28%; and pH 6.8). The weather parameters theitest seasons are presented in

Fig. 2.1.

2.2.3 Crop husbandry
The experimental plots were chisel plowed and planted on 18 May, 2007 and 21 May 2008. In

both years plots were fertilized with 90 Kgha' as ureaFor weed control, the plots were sprayed

with Bicep Lite Il Magnum (a.i. 0.82 kg atrazine*rend 1.03 kg Smetolachlor hg prior to
planting. The fields were kept weed free by hand weeding as necess&§07, the experiment

was conducted under irrigated conditi@ach genotype was evated in single row plots @ m

length with a row spacing of 0.75 m. In 2008, the same 280 sweet sorghum genotypes were
planted under two growing conditions (irrigated and -faoh) with a single row of 3 m length

and 0.75 m row spacing. Due to large numloérgenotypes being evaluated, multiple

replications within each environment were not used.

2.2.4Data collection

Prior to flowering, two random plants for each genotype were tagged using colored tape. All data

were collected from these tagged plants. Riggical traits were recorded on attached fully
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expanded flag leaves every 15 d beginning at flowering stage. All measurements were taken at
midday (between 10:00 and 14:00 h). Leaf chlorophyll content was measured using a self
calibrating chlorophyll metr [Soil Plant Analytical Device (SPAD), Model 502, Spectrum
Technologies, Plainfield, IL, USA]. Chlorophyll a fluorescence parameters were measured using
pulsemodulated fluorometer (OS5p, Optisciences, Hudson, NH, USA). The photochemical
efficiency of plotosystem Il (PSIl) Ev/Fm) was measured in 3@in darkadapted leaves
(Prasad et 312008).

At maturity, growth and yield parameters were measuret@ged plants of each genotype.
Plant height was measured as the length of the plant from base dénmdosthe tip of the
panicle; stem diameter was measured from three regions of the stem bottom (3rd internode),
middle (6th internode), and the top (9th internode) using vernier caliper after stripping the leaves
and removing leaf sheaths. Data on steamditer were averaged across regions. The juice from
the stalks was extracted and used for recording percentage by using digital haheld
refractometer (Digital hanteld pocket refractometer PAL, Atago, Bellevue, WA, US). The
fresh weight of stemef each sample was recorded and then alresd at 60°C for 7 d and dry
weight was recorded. The juice yield was obtained by subtracting stem dry weight from stem
fresh weight and expresseda@plant’. The sugar yield was calculated as a produdiriof (%)

and juice yield.

2.2.5Data analyses

The experimental design was randomized complete block design. Two plants for each genotype
were selected randomly during flowering for recording physiological and yield traits. Growth
and physiological traits werecorded in 280 genotypes and means were presented with standard

deviation for mean comparison. Among the 280 genotypes, 78 genotypes consistently obtained
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juice at harvest in all threenvironments Hence,brix and sugar yield were measured and
compared in78 genotypes. The various observations recorded in 78 genotypes from each
experiment were analyzed using the Proc GLM procedui®tatfstical Analysis Systems, 9.1

(SAS Institute 2003) using environments and yeawss replications. To assess the impdct o

drought stress on various traiticluding elative sugar yield reduction (RSYR)e mean of

irrigated experimen{2008) were sed and compared with rafed (2008) and expressed as
percentage. Genotypes were r ank eaypibcarselmtdbn on v a

coefficients between traits measured were computed using PROC CORR procedure in SAS.

2.3Results

2.3.1Genotypic variation

2.3.1.1Physiological traits

There were differences among genotypes for many of the traits measured ZPablecaf
chlorophyll content andFv/Fm ranged from 37 to 63 and 0.413 to 0.810, respectively (Table
2.2). The mean chlorophyll content amd/Fm value among the entries were 52 and 0.748,
respectively. There was marked variation for both traits that the vanged from 37 to 63 for
leaf chlorophyll content and from 0.413 to 0.810 Fs¥Fm The highest score for chlorophyll
content was recosedl in genotype Sugar drip f@llowed by Brawley, Inyagentombi, Mbalwe,
Rahmetalla gallabat and IS 12900. While, thedstchlorophyll content was recorded in MN
2063 followed by MN 1540, Co 1, Opemba nonpha, MN 2109 and MN 2762 (T&)leThirty

two genotypes had mean leaf chlorophyll content values higher than the overall meavoplus
standard errar(Mean+2SE) The genotypes, Awanlek, MN 2762, Theis, MN 4564, Saccaline,

MN 2363 and Smith had the highdst/Fm values (0.79 to 0.78), while genotypes, IS 2131,

33



Wenabu, Manyoble, Atlas, Masuda Black Saad No. 8 Gambela had the lowé3i66 to 0.72)

(Table 23). Thirty two genotypes had higher than mean+2SE valuBvitfm

2.3.1.2Growth traits
Significant differences were observed among the genotypes for all the growth traitsABable

The plant height ranged from 93 to 440 cm and stem diameter ranged from &ta glable
2.2). The mean plant height and stem diameter was 278 cm and 17 mm, respeletargly.
height, stem diameter, stem fresh weight and stem dry weiifgated among the genotypésat
consistently produced juice across thee@ironmentgTable2.3). Among the 78 genotypes, the
plant height ranged from 153 to 395 cm with a mean of 290. Genotypes, IS 2109, MN 4553, MN
4564, Caxa, Isidomba_2 and Dale_1 were among the tallest. Whereas, Nagad el Mu13{C 41
Ames amber, Darso 28, Bargowi and Atlageveome of the shortest plants (Tablg).2About
34 and 31 sweet sorghum genotypes were found to have a value greater than Mean+2SE and
Mean2SE, respectively

Stem diameter ranged between 27 and 11 mm with an overall mean of 18 mm (Bable 2
GenotypesvIN 2238, MN 2063, MN 4564, MN 2386, Co 1, MN 4553 and Opemba nonpha had
the highest stem diameseiThe genotypes HC 413, Ames amber, Mbalwe, N 111, Red amber,
MN 2894 and Collier had recorded the lowstm diameterTwenty nine genotypes had stem
diametergreater thatMean+2SE

Stem fresh weight (g plafij varied from 174 to 1190 with a mean of 606 (TahR). The
genotype MN 4564 recorded the highest stem fresh weight followed by MN 4566, MN 4553,
Wray, Co 1 and MN 2109 (Table3. The loweststemfresh weightwas recorded in Ames
amber and followed by Darso 28 and HG1, MN 2894 and Luel. The stem dry weight (g

plant) ranged from 49 to 334 with a mean of 170 (TahR).ZGenotypes Caxa, Wray, MN
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4564, MN 4553 and MN 4566 recorded the hightsihsdry weightandAmes amber, Darso 28,

Mbalwe, and Luel recorded the lowest stem dry weight (TaB)e 2

2.3.1.3Sugar quality and yield traits
Significant differences among genotypes were found for sugar quality and yield traits (Table

2.3). Across 78 gnotypesprix ranged from 6 to 21 with a mean of 13 (TaBI8). High brix
greater than Mean+SEnd greater than Mean+2SE was observed in 1 and 45 genotypes,
respectively. The genotypes Dura huria, Masuda black seed, Smith,Pe#tctr, Tracy 2 and

Top 76-6 had highbrix (18 to 21)and Sairwa, Iswa, MN 1540, MN 2386, MN 2238 and MN
2363 had lowbrix (6 to 7) (Table B).

The juice yield ¢ plant®) varied from 125 to 914 with a mean of 436 (TahR). Juice yield
of greaterthan Mean+2SEwas recorded irthirty genotypes. Genotypes, MN 4566, MN 4564,

MN 2109, Co 1, MN 4553, MN 2238, Wray and Sanyagie were among the highest juice yielders.
Whereas, Ames amber, HC 4113, MN 2894, Luel, N 111 and Darso 28 were the lowest juice
yielders (Table 3).

The mean sgar yield ¢ plant') was 56 ranged from 17 to 118 (Tal#&). Four and 27
genotypes had sugar yields higher than the Mean+SE and Mean+2SE, respectively. Genotype
Wray gave the highest sugar yield followed by MN 4564, Caxa, IS 2131, T6p M6l 4553
and Smith (Table 23). Whereas, genotype Ames amber had the lowest sugar yield followed by

IS 2352, Lel, MN 2894 and HC 413 (Table 23).

2.3.2Impact of drought stress

2.3.2.1Growth, physiology and yield traits

Drought stress appeared to have marked effieche performance of genotypes as indicated by

difference in mean values of various traits measured undefediand irrigated conditions.
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Traits such as plant height, stem diameter, chlorophyll contenFadfadn were not affected by
water suppliesasindicated by the minor differences betwaaigated and rairfed conditions
(Table 2.4). However,underrain-fed conditionbrix (37.0%), stem fresh weight (38%), stem
dry weight (329%), juice yield (341%) and sugar yield &3%)were all reducedomparedwith

irrigated condition (Tabl@ 4).

2.3.3Relative sugar yield reduction (RSYR)
The RSYR (%)yanged from 22 to 98 with a mean of 76+16 (Tdh8. The lowest RSYR was

observed inSanyagiefollowed by MN 818, Dale_1, Smith, Wray and Caxa (TaBl8).
Genotypes, MN 2386Ames amber, Luel, MN 2238, Atlas and Iswa hhd highest RSYR

(>93%) (Table2.3). There were 23 genotypes that recordedRSYR (<72%) (Mear2SE)

2.3.4Correlation analyses

A positive and significant phenotypic correlation was obsg between sugar yield and plant
height(Fig. 2.2a), stem diameter (Fi@.2b), and PS Il photochemical efficiendyvw(Fm) (Fig.
2.3a). Likewise, various sugar yield traits like juice yi€klg. 2.3b), stem fresh weight (Fig.
2.3c) and stem dry weighFE{g. 2.3d) were also positively and significantly correlated with sugar

yield.

2.4.Discussion
Sweet sorghum genotypes wetedied for their sugar yields irrigated (2007 and 2008) and

rainfed (2008) conditions. There were large variations for planghhe stem diameter,
chlorophyll contentFv/Fm, stem fresh weight, stem dry weight, brix, juice yield and sugar yield
among the sweet sorghum genotypes (T&bB. Significant genotypic variability for plant
height and juicébrix among sweet sorghum gegolasm was also reported by Almodares et al.
(1997), Ali et al. (2008), Murray et al. (2008a), Wang et(2D09) and Murray et al. (2009).
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Plants with greater plant height, stem diameff@/Fm, stem fresh weight and juice yield also
producel greater sugayields (Fig. 2.2 and Fig. ). Similarly, Audilakshmi et al. (2010)
reported stem fresh weight to be correlated to plant height, stem diameter and juice yield. Murray
et al. (2008) found that plant height was highly correlated with juice yield and gsimvweight.
Pfeiffer et al. (2010) reported that maierile sweet sorghum hybrids produced greater stem
yield due to taller plants with greater stem diameter. There was significant positive association
between stem biomass and plant height and stemetkarof sweet sorghum (Makanda et al.
2009).

Genotypes with higher stem fresh weight produced higher amount of juice that can be
immediately fermented to bioethanol. Among the sweet sorghum genotypes studied, Wray had
the highest sugar yield which wasrgtited to increased juice and moderate brix. This genotype
also showed minimum reduction in sugar yield when grown undeffedirtondition. This
indicatesthat Wray, besides its desirable biofuel potential, also has greater drought resilience
comparedwith other genotypes. Even though genotype MN 4566 had highest juice vyield, its
sugar yield was low because of lower brix. Genotypes with moderit@and high juice yield
produced high sugar yieddTable2.3).

The sugar quality and yield traits in sweetghum are the outcome of interaction between
genotypes and environmental factors. The-fathcondition did not have substantial impact on
growth (plant height and stem diameter) but physiological traits (chlorophyll conteRr/&frd)
tended to decreasdightly under raiffed condition (Table2.4). Vasilakoglou et al. (2011)
observed no variation in sugar concentration among six sweet sorghum genotypes under reduced
irrigation. Similar situations were also observed by Miller and Ottman (2010). Howbeer,

present studyoundthat rairfed condition decreased brix, stem fresh and dry weights, juice and
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sugar yields compared to irrigated condition and this indicated a wide genotype response to
drought stress (Tab@4). Similar results were also observayl Silva et al. (2008) in sugarcane
indicating that drought stress had severe impact on plant height, stem diameter, stem weight on
the susceptible genotypes than the tolerant genotypes. Reduction in sugar levels (brix) under
rain-fed condition might be wk to reduced nutrient uptake efficiency at gn@wth stage or the
other

Correlationanalysesndicated that juice yield has greater contribution to higher sugar than
the brix suggesting that selection for high sugar yielding genotypes should focuomjuiee
yield. Given the samlerix value, genotypes with greater juice yield produced higher sugar yields
(Table2.3). Makanda et al. (2009) suggested genotypes with higher juice yield anddower
were considered better stem sugar yielder than thossyges with lower juice yield and higher
brix. The highest performing genotypes also confirmed in the present study that the juice yield is
an important trait for selection for higher sugar yield. Murray et al. (2008a,b) reported a
significant correlatiorbetweenbrix values and stem juiciness. The juice yield could also be
directly related to stem fresh weight. There was a significant and positive correlation between

sugar yield and juice yield and stem fresh weight from the present stud®.gjig.

2.5.Conclusions

We foundwide genetic variability amon@8 sweet sorghunctultivars for plant height, stem
diameter, stem fresh weight, brix, juice yield and sugar yield. There were significaittve
correlation between sugar yield and growth (plant hemid stem weight), physiological
(photochemical efficiency) and benergy traits (juice yield). Growth and physiological traits
were not affected by the rafed condition; however, there were significaatiuctions inbrix,

stem fresh weight, juice yieldnd sugar yield. Among the 78 genotypes, Wray, MN 4564 and
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Caxa had higher sugsri el d ( Omean+2SE) . Genotypes Sanyagi
RSYR indicating their drought tolerant potential with sustainable sugar Yeleet sorghum

genotype with improved sugar yield can be utilized for genetic improvement.
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2.6. Tables and Figres

Figure2.1 Monthly maximum and minimum mean air temperature and total rainfall during the

two years of cropping season (2007 and 2008)
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Figure2.2 Correlation between sugar yield and (a) plant height and (b) stem diameter
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Figure2.3 Correlation between sugar yield and (a) Photochemical efficiéndi ) (b) juice

yield (c) stem fresh weight ar(d) stem dry weight
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Table2.1 List of sweet sorghurgenotype, designation number and place of ougied in this study

Genotype Designatiomo.  Place of origin
7392 P1173112 Turkey, Artvin
8371 PI1173118 Turkey

8493 P1173120 Turkey
Akdari_1 P1182303 Turkey
Akdari_2 P1167352 Turkey
Akdari_3 P1179504 Turkey, Urfa
Akdari_4 P1167047 Turkey
Akdari_5 P1177553 Turkey
Akdari_6 P1170783 Turkey
Aleppo No. 41 P1181899 Syria

Ames Amber P1641806 *

Andiwo Il 57 P1157030 Kenya
Ankolib tequil P1152596 Sudan
AS-475 P1255348 Sri Lanka
Atlas P1641807 *

Awanlek P1152971 Sudan

Ayuak P1152966 Sudan

B. 35 P1147224 India

Balaka P1221560 Nigeria
Bangu manguisusu P188007 Korea
Bargowi P1217770 Sudan
Bilichigan P1152898 India

Brawley BRAWLEY *

Bwalimbo P1155889 Tanzania
Caxa P1255239 Mexico, Sonora
Chedomba P1156268 Malawi
Chifungo P1155924 Zambia
Chikkori P1152953 Sudan, Kordofan
Chinese mber 1 P1248298 India

Chinese mber 2 P122913 China

Co.1 PI266927 India

Co. 4 P1185672 India, Delhi
Collier P1641862 *

Colman P1641810 *

Dale 1 Dale USA

Dale 2 DALE USA

Darso 28 P1260210 Guadeloupe, BassEerre
Della P1566819 United States, Virginia
DEPAR P1181077 India

Dhurra No. 7 P1155149 Yemen

Dobbs P1156463 Tanzania
Dovabenko P1196600 Taiwan

Dura regari P1156884 Zaire
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Genotype name

Designation no.

Place of origin

Dura huria

Duro El jack

Dwarf ashburn

Early folger

Early sumac
Feteritaabdel magid
Feteritaabu derega
Feteritafayoumi D.S. 10
Feteritafayoumi D.S. 13
Feteritafayoumi D.S. 8
Feteritafulli
Feteritageshaish
Feteritagezira

Feterita la estenzuela
Gilgil

Gishish

Gonbo

Grassal

Gumbilu

H.C.4%13

Hasesa

Heger Taie

Hegiri 1

Hemaisi red shendi shershe

Honey No.6
Honey ®rghum
Honey_dip
Ifube No. 18
Inyangentombi
IS 12807

IS 12810

IS 12833

IS 12849

IS 12900

IS 2109

IS 2131

IS 2352

IS 2462

IS 2464

IS 3986

IS 81
Isidomba 1
Isidomba 2

P1156890
P1152923
P1641893
P1641815
P1641817
P1152872
P1157804
P1152630
P1152633
P1152629
P1152650
P1152651
P1152646
P1201723
P1173808
P1152671
P1155793
P1154844
P1152998
P1641904
P1155543
P1152675
P1152676
P1152683
P1562716
P1181080
P1641821
P1157033
P1144134
P1170802
P1170805
P1175919
P1177547
P1183086
P1193613
P1196049
P1218112
P1149830
P1149832
P1643464
P1167093
P1145619
P1144331

Zaire

Sudan, Kordofan

*
*

*

Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Nigeria
Turkey
Sudan
Malaw
Uganda
Eritrea
Zambia
Sudan
Sudan
Sudan

United States

India

*

Kenya

South Africa, Natal

Turkey
Turkey
Turkey
Turkey
India
Ethiopia
Ethiopia
Pakistan
Somalia
Somalia

*

Egypt

South Africa
South Africa, Natal
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Genotype name

Designation no.

Place of origin

Iswa

Italian

J56 akouangok
Jawar 1
Jawar 2
Jawar 3
Jawar 4
Jerima
Jiba

Juar 1
Juar 2
Juar 3
Juar 4
Juar 5
Juar 6
Juar 7
Juar 8
Kabiri

Kafir pink
Kamandri
Kaoliang
Karadari
Keller

L28 lawere
L31 emiroit
Leoti-peltier
Longwe
Luel

Lwel fadiang
M_81E
Magohe
Mahananga
Maila_1
Maila_2
Maila_3
Malnal
Malwal awell
Malwal tonj
Manyoble
MAPIeRA
MAPIRA
Masaka
Masuda blackeed
Mbagobago

P1156423
P1196597
P1154929
P1180004
PI179747
PI173971
P1180005
P1273465
P1145622
P1183149
P1165532
P1180487
P1180348
P118089
P1180008
P1180349
P1179749
P1154846
PI152692
P1181083
PI195754
P1174381
KELLER
P1154943
P1154944
P1642999
PI155571
PI152714
P1152880
M_81E
PI156496
P1152909
P1155485
PI155556
PI156136
PI152961
PI152725
PI152727
P1145626
P1155609
PI155805
PI155516
P1193073
PI156877

Tanzania
Taiwan
Uganda
India
India
India
India
Nigeria
South Africa
India
India
India
India
India
India
India
India
Uganda
United States
India
China
Turkey
USA
Uganda
Uganda
*

Zambia
Sudan
Sudan
USA
Tanzania
Somalia
Zambia
Zambia
Zambia
Sudan
Sudan
Kenya
South Africa
Zambia
Malaw
Zambia
Japan
Zaire
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Genotype name

Designation no.

Place of origin

Mbalwe
Merasi

Merissa (BARI)

Misali

MN 12

MN 1344
MN 1540
MN 1615
MN 1644
MN 1921
MN 1983
MN 2014
MN 2030
MN 2063
MN 2077
MN 2089
MN 2103
MN 2109
MN 2161
MN 2238
MN 2248
MN 2277
MN 2282
MN 2363
MN 2386
MN 2387
MN 2398
MN 2418
MN 2553
MN 2578
MN 2635
MN 2680
MN 2740
MN 2742
MN 2751
MN 2756
MN 2761
MN 2762
MN 2826
MN 2827
MN 2838
MN 2857
MN 2873
MN 2894

P1155756
P1152860
P1152733
P1155517
P1287627
P1154787
P1155230
P1156018
P1155885
P1155710
P1155767
P1156178
P1155804
P1155899
P1155845
P1156203
P1155902
P1156217
P1155912
P1156352
P1156363
P1156393
P1156399
P1156487
P1156510
P1156511
P1156525
P11566%

P1161586
P1162806
P1166210
P152606

P192270

P1177156
P1643008
P1643013
P1643016
P1643017
P1170787
P1170788
P1170799
P1173121
P1176766
P1177554

Malawi
Sudan
Sudan
Zambia
Zimbabwe
Uganda
Sudan
Zaire
Tanzania
Malawi
Malawi
Malawi
Malawi
Malawi
Malawi
Malawi
Malawi
Malawi
Malawi
Zambia
Zambia
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Tanzania
Kenya
Liberia
Liberia
Sierra Leone
South Africa, Transvaal
China, Beijing
Turkey

*

*
*

*

Turkey
Turkey
Turkey
Turkey
Turkey
Syria
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Genotype name

Designation no.

Place of origin

MN 2939 P1181971 Syria

MN 2972 P1189114 Nigeria

MN 3080 P1196583 Taiwan

MN 3081 P1196584 Taiwan

MN 3089 P1196592 Taiwan

MN 3095 P1196598 Taiwan

MN 3370 P1211633 Afghanistan

MN 4036 P1241566 Papua New Guinea
MN 4052 P1247136 Yugoslavia

MN 4118 P1250232 Pakistan, Punjab
MN 4120 P1250234 P&istan

MN 4122 P1250521 India, Punjab
MN 4124 P1250582 Egypt

MN 4126 P1250402 Pakistan

MN 4133 P1250897 Iran

MN 4134 P1250898 Iran

MN 4135 P1251672 Yugoslavia

MN 4136 P1253795 Iraq

MN 4137 P1253796 Iraq

MN 4138 P1253986 Syria

MN 4155 P1302120 Belgium

MN 4179 P1302131 Portugal

MN 4243 P1302198 Argentina

MN 4252 P1302122 Portugal

MN 4299 P1302252 China

MN 4330 P1302264 Tanzania

MN 4369 P1302199 Argentina

MN 4553 P1271232 India

MN 4564 P1273953 Ethiopia

MN 4566 P1273955 Ethiopia

MN 4570 P1273959 Ethiopia

MN 4573 P1273963 Ethiopia

MN 4578 P1273969 Ethiopia

MN 48 P1287625 Zimbabwe

MN 600 P1147573 French Guiana
MN 818 P1586443 Hungary
Mokutakususu P188000 Korea

Mubeya P1153871 Kenya

Mubovi P1155328 Kenya
Muthiikwa P1155333 Kenya

Muyo P1155336 Kenya

N100 P1535785 United States, Nebraska
N107 P1535792 United States, Nebraska
N111 P1535796 United States, Nebraska
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Genotype name

Designation no.

Place of origin

N98

Nagad El mur
Nagro

Namuse

Nefee

Nerum boer
Nkolongo
Nkumba

NO. 5 gambela
NO. 6 gambela
NO. 8 gambela
Ntiboyumba
Nyagwang No. 56
Nytwal
Opemba nonpha
P 127 (S.A. 5)
Planter
Popsorghum
Potch 4

Query 3
Rahmetalla gallabat
Ramada

Red janpur

Red losinga
Red_amber
REX

Rio 2

Rutobo

S.A 1l

S.A. 2
Saccaline
Sairwa
Sanyagie
Serere

Smith

Sonkwe

Sucre drome
Sugar dmp_2
Sugar_dripl
Sweet saccaline
Tegevini

Texas seeded ribbon
Theis

P1535783
P1217691
P1147026
P1155760
P1156252
P1303658
P1156465
P1154796
P1257599
P1257600
P1257602
P1156899
P1157035
P1152751
P1156435
P1154990
P1641834
P1584989
P1152755
P1152764
P1152771
RAMADA
P1181074
P1641909
P117548
P1641835
P1563295
P1156871
P1154987
P1154988
P148191
P1168525
P1156405
P1154750
P1511355
P1156356
P1197542
P1146890
Grif14907
P1198885
P1145632
P1641848
THEIS

United States, Nebraska
Sudan

Egypt

Malawi

Malawi

Sudan, Southern
Tanzania
Uganda
Ethiopia
Ethiopia
Ethiopia

Zaire

Kenya

Sudan
Tanzania
Swaziland

*

United States, Texas
Sudan

Sudan

Sudan

*

India

Sudan

Australia, New South Wales
*

United States, Maryland
Zaire

Swaziand

Swaziland

Australia, New South Wales
Nigeria

Tanzania

Uganda

United States, Texas
Zambia

Algeria

Zaire

*

Australia

South Africa

*

USA
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Genotype name

Designation no.

Place of origin

Thok (B) P1152963 Sudan
Tjolotjo P1247745 Zaire

Top 766 P1583832 United States, Georgia
Tracy Tracy USA

Tseta 27/51 P1267476 India

Tugela ferry P1145633 South Africa
U.g.6.7. P1247744 Zaire

U.T. 23 P1152828 Zaire

V3 nakyeru P1154962 Uganda

W. 21 P1147200 India

Wad aker red P1152813 Sudan

Wad fur white P1152816 Sudan
Waquema P1155721 Malawi

Waxy club P1152914 United States
Wenabu P1154800 Uganda
Wheatland P1154980 Kenya

Wray Wray USA

*unknown

49



Table2.2 Mean and range for diffenétraits of280sweet sorghungenotypesiveraged over

threegrowing conditiong2007irrigated; 2008irrigated and raiffed).

Standard deviatior

Traits Mean Range (SD)
Plant height (cm) 278 93-440 64.3
Stem diametem(im) 17 8-27 3.8
Leaf chlorophyll SPAD) 52 37-63 6.2
PS Il photochemical efficiency{¢/Fm) 0.748 0.4130.810 0.03

50



Table2.3 Means ofgrowth and bioenergyaitsof 78 sweet sorghumenotypesveraged across thrgeowing conditiongluring 2007

and 2008t Manhattan, KS

Plant Stem : : . , Stem fresh Stem dry A
Genotype height diameter ChISOgOAFg]y” Fv/IFm B(;X Jmcle y'frfld SUQ?r yflleld weight weight RSO)(RA

(cm) (mm) ( ) (%) (g plant”) (g plant®) (9 plantl) (9 plantl) (%)
Amesamber 205.1 11.9 50.6 0.760 12.8 124.7 17.0 173.9 49.1 95
Atlas 234.6 15.3 53.3 0.700 14.5 260.4 43.7 371.5 111.1 93
Awanlek 324.0 17.6 52.1 0.790 15.8 405.3 69.9 592.5 187.1 80
Bargowi 227.1 18.3 51.3 0.734 12.5 316.5 38.2 446.8 130.3 64
Brawley 287.6 15.0 58.7 0.755 17.9 302.4 55.3 472.1 169.6 59
Caxa 346.5 20.1 55.6 0.752 15.5 616.3 100.7 950.8 334.4 51
Co.1 238.5 23.4 44.7 0.760 9.2 858.2 82.0 1097.4 239.2 58
Collier 328.5 13.1 56.7 0.756 17.5 196.0 35.0 307.3 111.3 74
Colman 310.0 13.7 48.4 0.742 17.4 220.4 28.3 334.6 114.1 73
Dale_1 340.6 17.4 51.0 0.775 18.0 477.0 88.3 739.4 262.3 37
Darso 28 208.8 15.3 57.3 0.751 17.0 166.6 28.5 224.4 57.7 83
Della 299.1 15.4 52.5 0.749 16.6 305.1 55.7 490.8 185.7 82
Durahuria 272.6 14.6 52.8 0.739 20.7 266.0 57.9 3989 132.9 74
H.C. 4%13 199.5 11.1 55.6 0.743 15.2 137.9 22.2 225.7 87.8 88
Honey Nb. 6 336.0 19.5 47.7 0.750 14.9 450.8 69.0 679.5 228.7 75
Inyangentombi 284.8 16.0 58.6 0.762 14.1 404.6 57.0 551.3 146.7 61
IS 12810 250.0 15.1 52.4 0.730 16.6 236.3 42.0 3514 115.1 90
IS 12900 291.3 14.8 57.7 0.746 13.6 349.5 47.9 508.9 159.4 65
IS 2109 394.8 21.6 57.2 0.767 8.0 566.4 48.1 809.2 242.7 82
IS 2131 320.1 21.3 51.5 0.657 12.6 671.1 98.9 924.1 252.9 92
IS 2352 297.1 14.8 52.6 0.730 111 183.6 19.2 279.9 96.3 87
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Plant Stem Stem fresh Stem dry RSYR'

Genotype height diameter ChISOI;OAFg]y” Fv/IFm BOF/IX Jmcle y':fld Sug?r yflleld weight weight o
(cm) (mm) ( ) (%) (g plant”) (9 plant®) ¢ plantl) (g plantl) (%)
Isidomba_2 342.5 18.5 55.8 0.762 16.2 319.6 55.3 449.0 129.4 85
Iswa 239.0 20.8 51.7 0.739 6.2 473.5 30.5 625.4 151.9 93
Jerima 305.6 18.8 52.4 0.735 9.2 570.6 40.2 813.9 243.3 90
Leoti-peltier 246.1 13.9 52.6 0.730 184 2557. 48.3 358.4 102.7 64
Luel 237.0 13.4 515 0.750 12.4 149.4 19.6 236.2 86.8 93
Mahananga 338.6 17.2 50.5 0.731 14.2 433.9 66.8 611.5 177.6 83
Manyoble 292.0 17.4 56.0 0.692 12.8 327.7 47.2 490.0 162.2 87
Masudablack seed 322.8 15.5 54.9 0.720 18.7 283.2 56.2 417.4 134.1 82
Mbalwe 274.3 12.5 58.1 0.737 15.1 226.2 35.6 3036 77.43 84
MN 1540 281.8 19.7 44.0 0.753 6.3 521.6 32.2 633.6 112.0 79
MN 1644 301.8 22.3 52.0 0.747 8.1 638.9 55.1 826.3 187.4 79
MN 1921 289.5 16.7 53.8 0.758 7.2 447.0 35.7 577.2 130.2 90
MN 2063 261.6 25.5 37.0 0.741 9.0 742.5 66.0 902.5 159.9 72
MN 2089 312.5 18.0 54.1 0.746 10.9 483.2 51.0 648.4 165.1 64
MN 2109 278.0 22.7 45.3 0.745 8.5 876.1 79.2 1084.6 208.5 71
MN 2161 295.8 19.0 50.2 0.756 7.3 567.1 45.2 754.7 187.6 90
MN 2238 277.0 27.3 53.8 0.751 6.7 795 60.5 972.5 177.5 93
MN 2363 3013 18.0 50.6 0.779 7.2 473.3 39.4 609.0 135.6 92
MN 2386 242.1 24.7 49.6 0.764 6.6 761.0 54.3 979.1 218.1 98
MN 2756 251.1 18.3 55.1 0.745 12.9 428.3 52.8 568.5 140.2 69
MN 2762 312.6 20.0 45.6 0.784 14.4 237.4 33.3 344.9 107.5 88
MN 2894 254.6 13.1 56.8 0.737 13.9 140.9 20.8 228.0 87.1 91
MN 4135 254.6 15.0 53.5 0.746 17.8 308.1 58.8 445.5 137.3 84
MN 4553 352.3 23.4 51.0 0.751 10.2 834.8 93.9 1114.0 279.1 76
MN 4564 346.6 25.0 49.8 0.781 11.0 885.1 105.0 1190.0 304.9 61
MN 4566 312.6 22.6 51.9 0.757 8.9 914.2 88.0 1189.8 275.6 85
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Plant Stem Stem fresh Stem dry RSYR'

Genotype height diameter ChISOI;OAFg]y” Fv/Fm B(;X Jmcle y':fld Sug?r yflleld weight weight o
(cm) (mm) ( ) (%) (g plant”) (9 plant®) (9 plantl) (g plantl) (%)
MN 4570 313.6 18.6 52.0 0.769 8.9 441.6 37.1 568.0 126.4 64
MN 600 319.8 19.9 49.2 0.768 15.1 506.4 79.4 711.0 204.6 89
MN 818 316.6 17.5 54.8 0.757 14.6 520.7 76.9 712.9 192.2 28
Mubeya 312.8 17.8 53.2 0.760 15.5 402.0 62.5 585.1 183.1 54
N100 256.5 17.0 50.5 0.754 16.8 267.9 48.8 381.2 113.2 81
N111 272.6 12.6 47.2 0.741 17.7 164.5 32.0 311.3 146.7 91
Nagad Elmur 153.0 18.3 50.7 0.729 15.6 258.1 41.8 386.6 128.6 79
Nkolongo 311.0 21.1 51.0 0.748 8.3 656.2 45.0 856.9 200.7 67
NO. 5gambela 276.1 18.4 56.4 0.770 13.3 498.6 68.8 693.0 194.4 66
NO. 6gambela 314.3 18.7 47.4 0.771 154 512.6 85.0 744.2 231.6 72
NO. 8gambela 301.3 19.2 55.6 0.722 13.9 493.2 66.3 673.8 180.6 87
Opemba 268.5 23.1 45.0 0.747 8.2 655.5 58.6 788.9 133.5 92
Rahmetallggallabat 285.1 16.3 57.9 0.742 17.5 397.1 73.8 572.3 175.1 78
Red_amber 253.0 13.1 51.6 0.732 14.8 181.4 26.3 274.8 93.4 77
Rex 296.8 17.7 50.9 0.724 15.6 232.2 39.2 411.1 178.9 89
Rio_1 265.3 17.8 53.5 0.757 15.7 376.5 59.9 554.9 178.4 83
Saccaline 291.0 17.6 52.9 0.780 11.8 478.4 56.4 671.0 192.6 81
Sairwa 247.3 19.5 46.8 0.726 6.2 517.0 32.6 658.8 141.8 80
Sanyagie 255.3 22.7 46.1 0.765 10.6 770.9 81.2 985.1 214.1 22
Smith 335.8 19.3 52.8 0.778 18.7 470.2 89.6 735.9 265.7 39
Sugardrip_2 334.6 13.9 60.0 0.767 15.4 260.1 41.8 422.7 162.6 88
Tegevini 310.5 15.6 494 0.747 15.1 316.5 48.6 438.5 122.0 73
Theis 339.5 17.2 52.6 0.782 14.3 497.1 76.9 717.6 220.5 74
Top 766 315.1 19.5 51.1 0.764 18.1 524.8 98.1 727.5 202.6 57
Tracy 2 334.8 17.5 57.2 0.774 18.3 367.5 69.8 558.3 190.8 76
Tracy_1 277.7 15.9 53.5 0.749 15.3 269.8 43.6 459.9 190.1 83
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: Stem Juice : Stem fresh  Stem dr p

Genotype Plantheight o meter CMOrOPIYI /ey Brix (96)  vield (g 3“9";“ yield ™ eight Weighty RSYRC

(cm) (mm) (SPAD) plant®) (g plant’) (g plant) (g plant) (%)
Wadfur white 276.8 18.9 54.3 0.745 15.6 500.2 81.1 717.1 216.9 75
Waxy club 241.0 15.0 55.4 0.730 15.7 210.3 35.2 308.9 98.5 85
Wenabu 292.1 13.5 52.2 0.688 14.7 368.7 55.9 479.6 110.8 54
Wray 317.8 19.6 54.0 0.778 15.7 777.0 118.3 1102.7 324.8 40
Mean 289.5 17.9 52.2 0.749 13.4 436.1 56.1 606.2 170.0 75.5
Range 153395 11-27 37-60 0.660.79 6.220.7 125914 17-118 1741190 49.1-334.4 22-98
SE 4.80 0.39 0.44 0.002 0.42 23.09 2.57 28.75 6.9 1.8
p value <0.0001 <0.0001 0.02 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 -
LSD 80.0 3.4 9.2 0.04 53 285.1 38.0 3468 116.7 -

ARSYR relative sugar yield reductian rain-fed condition to irrigated conditicandnot statistically analyzed

*Standard error

54



Table2.4 Comparison of irrigated and rafed mean values of various traits among 280 sweet

sorghum genotypes

% Decrease

Traits Irrigated Rainfed from irrigated
Plant height (cm) 291.89 278.14 4.7
Stem diameter (mm) 16.82 15.79 6.1
Leaf chlorophyll (SPAD) 52.59 52.24 0.7
PS Il hotochemical efficiencyFv/Fm) 0.754 0.748 0.8
Stem fresh weight (g planx 525.36 348.12 33.7
Stem dry weight (g pla) 164.53 110.40 32.9
Brix (%) 16.06 10.11 37.0
Juice yield ¢ plant?) 360.84 237.72 34.1
Sugar yield ¢ plant®) 69.14 24.02 65.3
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Chapter 3 - Effects of harvest time on juice yield of sweet sorghum

3.0 Abstract

Sweet sorghumSorghum bicoloiL.. Moench) is an important bioergy crop, and has
the potential to be grown for ethanol production. In sweet sorghum, sugar content changes with
development, so it is important to determine and optimize of stage of development that provides
maximumsugaryield. The objective of this reaech wa to determine optimum harvesne for
obtaining the maximumsugar and juice yield of sweet sorghuf.field experiment was
conducted usingweet sorghum variety M81Endharvested at ten growth stagélag leaftip
appearancestart of panicle mergence completepanicle emergenceanthesis, posanthesis,
milk, soft doughhard doughphysiological maturity and 30 d after physiological maturity). Data
on physiological, growth and yield traits were measured at each harkiestesults revealatiat
the effect of harvest timingias significant formosttraits. Sugar yieldand juice yield linearly
increased from flag leaf appearance to milk stage, thereafter remained constant until hard dough
stageJuice purity, total sugars, and Ameducing suga were highest at hard dough stafeese

results suggest that optimum harvesting time for sweet sorghum is the hard dough stage.
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3.1 Introduction

Biofuels, particularly bioethanaan be gotential alternative fuel for consumption. The
demand for alterative fuel has gained worldide attention including the .S and Brazil which
togethercontribute ta89% of total global ethanol productioB&vilaaGomez et al., 2010Maize
(Zea maypand sugarcanes@ccharum officinarujnaretwo major crops for ethangroduction
(Mussatto et a).2010). In the U.SMaizeis the major feedstock farain ethanol Continuous
increase in energy demand necessitates more attention towards altdesatsteckfor biofuel
production (Solomon et al., 2007)The limitationsof cultivating maize for ethanol include
increased use dhputsto produce biomass in terms of nitrogen requirements and inefficient
conversion of starch to ethandih. addition use of maize grain for ethanol competes with food
and feed demaisd

Sweet saghum Sorghum bicolorL. Moench) is an attractive feedstock for ethanol
production (Wu et al., 2010B50orghum requires less water and nitrogen and better adapted to
high temperature and drought strgfgasad et al.,, 2007; Almodares and Hadi, 2009).
addtion, sweet sorghum hakeen reportedo yield adequate biomass forcreasedsucrose
accumulationin the stem. Ethanol, a high octane fuel, produbgdthe fermentation of
carbohydratesuch as glucose and fructogeducing sugajsandsucrose (nomedicing sugar)
in the stem juice (Mastrorilli et al., 1999; Barbanti et al., 2006; Rooney et al., 2007; Teetor et al.,
2011).Quality of juice (extractable juice and purity) depends upon many fasiclsas/ariety,
stageof the crop and other management andironmental factors.

In sweet sorghum, sucrose is accumulated in large amounts in the stem during
inflorescence development (McBee and Miller, 1982). Hence, there may be a competition for

carbohydrates between stem and developing seed. At maturitydghes reducing and nen

61



reducing sugars) were mobildgrom stem and leaves to graifihe amount of assimilates
allocated for sucrose biosynthesis in the stem and grain depepdstitioning Previousstudies
have reportedhat sucrose levelstart to ncreasan the stem from prebodbd anthesis (McBee
and Miller, 1982;HoffmanThoma et al., 1996)Ghatode et al. (1991) observed thmtx,
reducing suga andnonreducing sugarwere found to decrease at maturi8ucrose content
and seed yield are inghtors of how assimilates are partitioned between two sinks (grain and
stem). Hence, to get maximum stem sucrose content, time of harvest is important.

In sweet sorghum, traisuch as plant height, stem diameter brig can influencquice
yield (Ali et al., 2008; Murray et al., 2009). The primary biomass component in sweet sorghum
is stem weight, which accounts to 70% of total weigbalianis, 199). Stem weight is
correlated with height, diameter, thickness andneiss (Audilakshmi et al., 201Bfeiffer et al.,
2010). Murray et al. (2008) found that plant height was highly correlated with juice yield and
stem fresh weight. It has also been reported that there is a linear correlation between brix and
total sugar content of the juic@quchihashi and @o, 2004;Audilakshmi et al., 20L0Davila
Gomez et al., 2010

Harvesting is a critical operation in sweet sorghum. Selection of an optimal harvest date
will require a better understanding of thiechemical changes that occur during different stages
of plant growth and development. The cultivation of sweet sorghum variety M81E has acquired
great commercial importance for ethanol production (Wu et al., 2010) but information on the
effect d harvesttime from start of flowering to physiological maturityy sugar yield is not
knownand needs attentioifhe objective of this research wasietermine the optimum harvest
time for obtainingmaximum juice yieldWe hypothesizahat sugar yieldwill increasebetween

milk and dough stages
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3.2 Materials and Methads
3.2.1Plant material

Sweet sorghum variety M81lised in this studwas developed at U.S. Sugar Crops Field
Station, Meridian, Mississippi. The variety was selected from th@régeny of the cross

O0Brawleyd ®Ri oB)awhedy r el elasnmnauring (040309s). and i

3.2.2Experimental site and environmental conditions
The variety M81E was grown under rdad condition during 2009 at Ashland Bottoms

Research Farm near Manhattan, (89°06'3t . 286NA3 8 E1 0. 0é W, Svilatthed ude:
experimental site waa Harneysilt loam (clay 16%, silt 64% and sand 20%; and pH 6.3). The
daily weatherconditionsduring the 2009 cropping season are presented in3Big.The total

amount of rainfall eceived during the cropping season (JNlogember) was 626 mm. The
average maximum day amdinimum night time air temperaturduring crop growing season

were 23.7°Cand 11.5°C respectively. The Normal (1972000) daily maximum and minimum

air temperaturéor the period i26.1°C and11.8°C.

3.2.3Crop husbandry

The experimental plot was chiggbughedand the seeds were sown on 18 June in 2009
at 5 cmdeep Plots werefertilized with 90 kg hd N as ureaFor weed control, the plots were
sprayed with Bicp Lite [l Magnum (a.i. 0.82 kg atrazinetend 1.03 kg Smetolachlor hg prior to
planting.The field was kept weed free by hand weeding as necessary. Plot size was of 9 m x 3 m.
Each plot consisted of four rows of 9 m length spaced 0.75 m dpertarvest treatmest
comprised of ten growth stages: flag leaf tip appearance (71 d after planting), start of panicle
emergence (79 d after planting), complete panicle emergence (85 d after planting), anthesis (92 d

after planting), posanthesis (99 d aftgslanting), milk stage (107 d after planting), soft dough
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(117 d after planting), hard dough (129 d after planting), physiological maturity (140 d after

planting) and posphysiological maturity (170 d aft@tanting.

3.2.4Data collection

3.2.4.1Physidogical traits

Physiological traits were recorded on attached fully expanded flag leaves of two different
tagged plantsper plot before each harvesttageat midday (between 10:00 and 14:00 h).
Chlorophyll content was measured using a -ealibrating chbrophyll meter [Soil Plant
Analytical Device (SPAD), Model 502, Spectrum Technologies, Plainfield, IL, USA].
Chlorophyll a fluorescence parameters were measured using -maselated fluorometer
(OS5p, Optisciences, Hudson, NH, USAhotosystem Il (PSllphotochemical efficiency of
(Fv/Fm) was measured in 3@in darkadapted leaves (Prasad et al., 2008). Thededfstem
temperaturavas measured with a haheld thermal imager (FLIR ThermaCAM BCAM thermal
imaging systems]anesville, WIUSA). For measuraent of stem temperature, three regions of
the stem (bottom "3internode, middle % internode, and the top™dnternode) were used to

record temperatures and the average was computedimvalues of all three regions.

3.2.4.2Growth traits
Plant growth traits were recorded frorthe sametwo taggedplants, at each time of

harvest. Plant height was measured from base of the stem to the tip of the panicla using
measuring tape. Stem diameter was measured from the three regions of the stem (Bottom 3
internode, middle Binternode, and the tog"dnternode) using vernier caliper after stripping the
leaves and removal of leaf sheaths. Data on stem diameter was averaged acsta the
Number of leaves and total number of internodes on the stemomented Leaf area was

measureavith a LI-COR leafarea meterl(1-3100, L+Cor Bioscienced,incoln, NE, USA)
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3.2.4.3Yield traits
At each harvest,igld traits were obtained from center 1.5afhrow consisting of10

plantsfrom each plotand thestemswere strippedThe fresh weight of the panicles, leaves, and
stems were recorded. Fromefiedata the total fresh biomass comprised of panicles, leaves and
stem was calculated. The fresh leaf, panicle and crushed stem werdriedeat 60C for 7 d

and dryweights were recorded. The total dry biomass was calculated from the oven dried
samples. The panicles were threslbgdhandto obtain grain yields. Grain harvest index was
calculated as the ratio of grain yield to toslovegrounddry biomass and expressas a
percentageSugar harvest index was calculated as the ratio of sugar yield to total dry biomass

and expressed aspercentage.

3.2.4.4Juice quality and sugar yield

The juice from 10 plantswas extractedisinga motor operated three roller sugarcane
crusher(Sukra sugarcane crusher, Coimbatore, Tamil Nadu, Inéfggr juice extraction, juice
volumewas used to calculate juice yielthe total solubldorix of extracted juicavasdetermined
using a digital handheld refractometer (Digital hariteld pcket refractometer PAIL, Atago,
Bellevue, WA, UR\) and expressed in percentadibe sugar yield was calculated as a product
of brix (%) and juice yield. The juice samples were froaen stored24°C freezerfor further
analysis.

Total sugars and redugrsugars were estimated in the extracted stem jlimel sugars
and reducing sugars were estimated using procedures of Robertson et ala\ti@d@yessed as
apercentage. Neneducing sugar was obtained from the differences of total and reducing sugar
and expressed aspercentage. The starch content in the juice was estimaiag rapid starch
test (Ronaldson and Schoonees, 2G0w%) expressed as |gff of brix. Juice pH was determined

using pH mete(Digital pH meterDPH-1, Atago, Bellevue, WA, US). Percentage extractable
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juice was calculated from the juigeeld of the sample and fresh weight of stem portion of the
sample. Juice purity was derived from the ratio of-reducing sugar to br and expressed in

percentage.

3.2.5 Data analyse

The exgriment was conducted using a randomized complete block design with four
replications. The data were subjected to the analysis of variance for each trait using the general
linear model proceduresin statistical analysis softwareersion 9.1 (SAS Institute 2003).

Treatment means were compared using L.S.D at 5% level of probability.

3. 3Results

3.3.1Physiological traits

Leaf temperatures ranged from 3@&o 23.5C during different harvest periods. The
trend of stem temperature followed similar to thateaff temperature and ranged from 28.40
20.9C (Table3.1). Photochemical efficiencyFy/Fm) increased fim flag leaf stage up to hard
dough stageThere was no effect of harvest time on initial fluorescengg THhe chlorophyll

(SPAD) steadily incresed from flag leaf tip appearangetil hard dough stag@able3.1).

3.3.2Growth traits

Plant height of this variety was 378 cm with 15 internodes at anthesis (Table 3.2). These
values remained similar from anthesis to gasysiological maturity. Totdleaf number was 14
and leaf area was 5075 tnmat postanthesis stageThe bottom % internode diameter
continuously increased and reached 19.8 mm at milk stage (Tabl&@32§" and ¢ internode
diameter also increases from flag leaf stage and readlagdnum at hard dougtSimilarly,

maximum average stem diameter was observed at hard dough stage (Table 3.2).
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3.3.3Yield traits

Stem fresh weight increased from flag leaf stage until hard dough stage with highest
percent increase from flag leaf to bodage (Table 3.3). The subsequent increase at each
successive stage was 9.4% (panicle emergence), 11.5% (anthesis), 6.6&mtfmEsss), 6.1%

(milk stage) and 3.3% (soft dough). The highest stem fresh weight was obtained at hard dough
stage followed by stfdough stage and these values were the highest compared with those
obtained during other harvest timing. Harvesting beyond hard dough stage decreased stem fresh
weight at physiological maturity and pegthysiological maturity (170 d after planting). Stem

dry weight markedly increased from flag leaf stage to physiological maturity and thereafter
decreased at pesphysiological maturity. The grain dry weight increased from anthesis to
physiological maturity with a harvest index of 23.0% (Table S8ijgarharvest index, while it
decreased at physiological maturity and gaisgsiological maturity, was similar at milk stage,

soft and hard dough stages, respectively (Table 3.3).

3.3.4Juice quality and sugar yield
The juice pH declined from flag leaf stage tgphard dough stage and then peaked at

physiological maturity (Table 3.4). The starch content in the juice increased from flag leaf stage
to soft dough stage (Table 3.4). Thereafter starch content decreased at hard dough and
physiological maturity. Howeverstarch increased substantially when plants senesced at post
physiological maturity.

The percent extractable juice was similar from flag leaf stage to physiological maturity
(Table 3.4) However, lowest extractable juice was obtained when plants werested at post
physiological maturityThe data on juice purity percentage revealed increasing trend from flag

leaf tip appearance up to panicle emergedeereased steadily at milk stage, then increased at
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soft dough stageThe juice purity was highest &ard dough stage and it declined thereafter at
physiological maturity and pogthysiological maturityBrix had anincreasing trend from flag
leaf up to soft dough stagien slightly decreased aneimainedsimilar between hard dough and
physiological naturity, and then peaked at pgsdtysiological maturity (Table 3.5).

Reducing sugars increased from early flag leaf tip appearance stage untdnibssis
stage and thereafter remained similar ystiysiological maturityfTable 3.5). Harvesting beyond
physiological maturity resulted in lower reducing sugaisnreducing sugar steadily increased
from flag leaf tip appearance, peaked at hard dough stage and steadily decreased thereafter until
postphysiological maturity (Table 3.5)The total sugars canuously increased as plants
matured with lowest at flag leaf stage and the highest at hard dough stage. A decline in the
percent total sugars was observed at physiological andpgigstiological maturity (Table 3.5).

Juice yield was highesthen plants wre harvested during the hard dough si@gdble
3.5). However juice yieldwas not different at soft dough stage and milk stage. The lowest juice
yield was obtained at flag leaf stage. Harséstyond hard dough stagi#ecreased juice yielalt
physiologi@al maturity and posiphysiological maturity.Sugar yield gradually increased from
flag leaf tip appearance staigemilk stagethereafter it was statistically similar until hard dough.

Sugar yield decreased at physiological maturity andplogsiologicalmaturity (Table 3.5).

3.4 Discussion

In sweet sorghum, changes in the composition of juice and stem weight influences juice
guantity and qualityas the crop mature©ur resultsrevealed that maximum sugar yield was
observed during hard dough stage, whetesm fresh weight waat a maximum (Table3.3).

There were nahanges in juice extraction percentage until physiological maturity in spite of

gradual increses in stem fresh weight (Tablg3 and Table 34) through continuous
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accumulation of carbohydrate the stemThe increase in stem fresh weight was due to increase
in average stem diameter and plant height (T8deand 3.3. The decrease in fresh weight at
physiological maturity was due to leaf loss and dry ddweiffer et al. (2010) stated thatler
sweet sorghum hybrids with greater stem diameter prodyeater stalk yielsl Stemis a much
stronger sink foisugar accumulatioand fiber content (mainly cellulose and lignin) (Powell et
al., 1991; Zhao et al., 2009%igher Fv/Fmand chlorophyllISPAD at soft dough and hard dough
stages indicated that the plant was also physiologically effideading to greater accumtitan

of carbohydrates in stems.

The significant increase in the sugar yield between milk and hard dbagg was due to
increase in juice yieldTable 3.5. However, at maturity a decrease in sugar yield in the stem was
measuredvith a concomitant increase in grain yi€ltable 3.5 and Table 3.8 Rajendran et al.
(2000) reportedhe decrease in stem weight was due to mobilmatf carbohydrates from stem
to developing grai at maturity in sweet sorghum.

In our study, juice brix decreased at physiological maturity (TaBlg which indicates
enhanced mobilization of soluble sugars to the developing grasudted in increasedrain
yield (Table 3.3)Conversely, Almodares et al. (200)servechighest brix in 'Riogenotypeat
physiological maturityThe decrease istarch contenin juice from soft dough stage leads to
increase in reducing and noaducing sugars at hard dypustage Almodares and Hadi (2009)
reported that decrease in starch content in juice alongamiincrease in reducing and non
reducing sugars was due to structural changes in carbohydrates namely starch to sucrose, an
important process in sweet sorghtmobtain maximum ethanol production.

The total sugars ithe juice increased from flageaf to hard dough stage (Table)3.5

Hills (1990) reported that the sugar content in sweet sorghuns stereased between milk and
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dough stages for most cultivars.thenbeginsto decline towards physiological maturity. The
reducing sugars in juice decreased from hard dough teppgstological maturityAlmodares et
al. (1994) observed high sucrose and total sugar content and low reducing sugar at dough stage
in sweet sorghum cultivars, MN1500, Soave, Wray and Vespa.Wéssttributed to increased
use of reducing sugars (glucose and fructose) for various metabolic functions and higher activity
of amylase enzyme. At athe stages of harvest, theercentageof reducing sugars differed
significantly. The norreducing sugar percentggas sucroseincreased from flag leaf tip
appearance to hard dough stage and this could be attributed to decreased activity of the enzyme
invertase. The increase in noeducing sugartahard dough stage was in accordance with the
finding of Lingle (1987) and Almodares et al. (2007) in sweet sorghum. Fearatiharles
Edwards(1986) also reported that sucrose and soluble solids concentration and yields in sweet
sorghum stems were higét at or near grain maturity

Our present study revealed that there was a dramatic decrease in sugar yield, brix and
juice yield with significant increase in grain yield during harvest at physiological maturity.
Harvesting 30 d after physiological matyrdecreased sugar yield, juice yield but increased brix
(Table 3.5).The increase in brix at pephysiological maturity stage was due to concentration of
sugar in thguice due to drying and freezing (cool temperatufid)e juice purity significantly
deceased at physiological and pgdtysiological maturity stagesecause of decrease in Ron

reducing sugar content and increase in brix.

3.5Conclusions

Harvesting plants at hard dough stageultedthe highest brix, total sugars, reducing
sugars and nereducing sugars. The highest level of sugar and juiciéstemwas obtained

from plants harvested frommilk to hard dough stage. We conclude that the optimum harvest
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time for maximum juice and sugar yieltty the sweet sorghum variety M81i8 between milk

and hard dough stage
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3.6 Tables and Figures

Figure 31 Daily maximum and minimum mean air temperasiaed rainfall during the

cropping season (2008) Manhattan, Kansas.
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Table 31 Effect of different stages of harvesting on physiological traits of sweet sorghum varietydvi84& at Manhattan, Kansas.

Leaf Stem
_ Days after . 4 Chlorophyli
Stages of harvesting _ temperature temperature Fo Fm Fv/Fm
planting o o (SPAD)

(C) (C)
Flag leaf tip apparance 71 30.8 28.4 259.¢ 961.0 0.73C 41.8
Boot (start of panicle emergence 79 26.9 26.8° 247.0 9740 0.746 43.7*¢
Complete panicle emergence 85 29.6" 27.8° 258.8 1055.8 0.758° 45.7¢
Anthesis 92 26.9 25.4° 256.58 1096.0 0.766 47.3°
Postanthesis 99 25.7 23.0* 267.0 1120.0 0.762 47.1°
Milk 107 24,71 23.7¢ 252.0 1089.0 0.768 48.5°
Soft dough 117 23.¢ 21.4 249.8 1178.3° 0.788 49.77°
Hard dough 129 23.5 20.9' 293.5 140583 0.792 49.3
Physiological maturity 140 - - - - - -
Postphysiological maturity 170 - - - - - -
LSD value (P=0.05) 1.3 2.7 NS NS 0.013 2.0

NS T Non-significant; Means within the same column with different letter are significantly different at P<@@%a not recorded

(Leaves were complely dried up at these stages of harvest)

* Fo = initial fluorescence

#Fm = maximum fluorescence
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Table 32 Effect of different stages of harvesting on growth traits of sweet sorghum variety gWi@4/E at Manhattan, Kansas.

Bottom 3° Middle 6" Top 9" Average
Days Plant  No. of No. of _ _ _
_ _ _ Leaf area internode internode internode stem
Stages of harvesting after  height internodes leaves _ ) _ _
_ 1 1 (cn?) diameter diameter diameter diameter
planting (cm) plant plant
(mm) (mm) (mm) (mm)
Flagleaf tip appearance 71 249 11.P° 13.5° 41418 16.8 13.9° 12.7 14.3
Boot (start of panicle
( P 79 314 13.4 13.5°  4368.8 17.5%° 14.7% 12.6' 14.99
emergence)
Complete panicle emergence 85 352 13.58" 13.8  4540.7° 18.1°¢ 14.9' 12.6' 15.2
Anthesis 92 378 145 13.8  5069.2 18.4¢ 15.3¢ 13.4 15.7'
Postanthesis 99 383 145 13.8  5074.6 18.7° 16.2° 13.6 16.1%
Milk 107 383  14.8 13.5°  5036.3 19.8° 16.8 14.0° 16.8¢
Soft dough 117 383 14.8 13.3°  4017.8 20.4 16.9 14.8 17.2°
Hard dough 129 385 1458 12.8 - 20.5' 179 15.3 179%°
Physiological maturity 140 384 14.5 11.3 - 20.6' 18.4 15.9° 18.3
Postphysiological maturity 170 385 - - - - - - -
LSD value (P=0.05) 115 1.3 0.76 609.4 1.13 0.96 0.75 0.80

Means withn the same column with different letter are significantly diffeegri®<0.05: Data not recorded
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Table 33 Effect of different stages of harvesting on yield traits of sweet sorghum variety 8na at Manhattan, Kansas.

Stem Total Stem _ Harvest Harvest
Days Total dry  Grain _ _
) fresh fresh dry ) ) index index
Stages of harvesting after _ , _ biomass yield _
weight biomass weight (grain)  (sugar)

planting (e tha)  (tha) (thal) (tha?) % %
Flag leaf tip appearance 71 2.7 52.7 49 7.2 - - 16.9'
Boot (start of panicle emergence 79 53.2 64.3 7.6 10.5° - - 18.6
Complete panicle emergence 85 58.7 70.3° 8.g* 12.1° - - 22.3°
Anthesis 92 64.9" 79.0 10.6™ 16.8 2.4 14.3 22.4°
Postanthesis 99 69.2° 896" 11.8°  18.7¢ 2.8 14.9" 23.1°
Milk 107 73.4° 89.6%  12.1°  19.8° 3.7 16.7% 29.6'
Soft dough 117 75.82 90.92 13.17%° 21.3° 3.9 18.3¢ 28.58
Hard dough 129 78.8 95.07 13.5° 22.0° 4.2 19.1°° 27.9
Physiological maturity 140 67.3 72.8° 13.6" 21.7 5.0° 23.0% 22.3°
Postphysiological maturity 170 62.0° 68.0° 11.9°°  18.8° 3.9 20.8’ 23.4
LSD value (P=0.05) 4.6 6.2 1.8 2.2 0.45 1.8 4.2

Means within the same column with different letter are significantly different at P<ODanot available (No grain formation at

these stages of growth)
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Table 34 Effect of different stages of harvesting on juice quality traits of sweet sorghum varietydvi84& at Manhattan, Kansas.

_ Days afer _ Starch Extractable Juice purity

Stages of harvesting _ Juice pH 4 o

planting (Mg g) juice (%) (%)
Flag leaf tip appearance 71 5.3 7.8 52.% 34.£
Boot (start of panicle emergence) 79 5.3¢ 9.0 51.8 44.7
Complete panicle emergence 85 5.37 10.6" 54.5' 55.8°
Anthess 92 5.32° 16.51" 50.9" 49.3¢
Postanthesis 99 5.25% 21.2¢ 52.9' 46.6*
Milk 107 5.20" 23.5° 53.5' 41.9*
Soft dough 117 5.18 28.4 52.6' 49.7¢
Hard dough 129 5.2 20.8¢ 53.2 81.3
Physiological maturity 140 5.558 20.6 50.5" 64.58
Postphysiological maturity 170 457 4277 41.8 15.2
LSD value (P=0.05) 0.08 75 5.1 9.3

Means within the same column with different letter are significantly different at P<0.05
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Table 35 Effect d differentstages of &rvestingon brix, reducing sugars, neaducing sugardotal sugapercentage, juice and sugar

yield of sweet sorghum variety M81dfown at Manhattan, Kansas.

. Days after  Brix Reducing Nonreducing Total sugar Juice yield Sugar yield
Stages of harvesting

planting (%) sugar (%)  sugar(%) (%) (L ha®) (t ha')
Flag leaf tip appearance 71 5.4 2.8 1.8 4.7 22333 1.7
Boot (start of panicle emergence 79 7.0 5.4 3.1 8.5 2763F 1.9°
Complete panicle emergence 85 8.3 7.1 4.6° 11.7 31827 2.6
Anthesis 92 10.7° 9.10 4.9 14.0 33067 3.7
Postanthesis 99 11.¢' 12.0° 5.4% 17.8° 36667° 4.3
Milk 107 14.7 11.8 6.1 18.0° 39244" 5.8
Soft dough 117 15.1° 10.4° 7.5 17.9 39933" 6.0
Hard dough 129 14.6° 11.9° 11.8 23.7 41867 6.1
Physological maturity 140 14.¢F 9.2° 9.0° 18.3 34056 4.8
Postphysiological maturity 170 17.0° 2.3 2.59 4.8 26000 4.4
LSD value (P=0.05) 0.6 2.2 0.99 2.3 3740.2 0.46

Means within the same column with different letter are significantly diffexeR<0.05
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Chapter 4 - Morpho -physiological based screening of sweet sorghum

genotypes for high sugar yield

4.0 Abstract

Field researchivas conduad using 30sweet sorghum genotypearying in sugar Yyield,
to understand thenorphephysiological basifor sugar yieldn sweet sorghuniSorghum bicolor
L. Moench)genotypes. The physiologi¢aijrowth, and yieldtraits were measuredCorrelation
studieswere undertaken to establish valid relationship betweetraliestudied and sugar yield.
A principal component analysis (PCA) was performedligiinguish genotypes depending on
their sugar yield potential as well as to identify traittributingfor high sugar yieldHigh
sugar yielding grougproducedgreater number ofjreen leavestall plant statureand high
average stem diameter. Greater numbegrafen leaves coupled with high leaf chlorophyll
(SPAD) content resulted in highguantum yield of pbtosystem (PS) I[IKv/Fm). As a result of
increased photosynthetic performance due to Righrm plants produced greater stem fresh
weight which constitutes one of the major determinants of sugar yield in sweet sorghum. High
stem weightresulted ingreaer quantity of extractable juice. The high sugar group accumulated
relatively higher total dry biomass than the low sugar group. However, the grain yield was found
to be significantly higher in the low sugar yielders in contrast to the high yielderseflirthas
observed that late maturing rather than early maturing genotypes proved to be high sugar
yielders.Overall, high sugar yielders had better juice quality in terms of higher brix. The PCA
revealed that PC1 and PC2 accounted for 52.38% and 12 2%% wariance, respectively. The
component scores indicated genotypes No. 6 gambela and No. 5 gambela were high sugar

yielders and genotypes Rahmatella gallabat and Atlas were low yielders. The highest positively
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contributing trait for sugar yield was stefresh weight, whereas grain yield had high negative

characteristic.

4.1 Introduction

Sweet sorghumSorghumbicolor L. Moench.)can be aralternative biofuel feedstock
because of its high biomass production and high percentage of easily fermentaldersaigkyr
sucrose in the juice (Mastrorilli et all999; Barbanti et gl2006§ Rooney et al., 2007 Sweet
sorghum isadaptable t@a wide range of environmental conditions (Berenguer and Faci, 2001,
Almodares and Hadi, 2009and requireselativelylesswater and nitrogen fertilizer (Mastrorilli
et al, 1999; Barbanti et al., 2006).

Traits likegreen stalk yield, stalk sugar content, stalk juice extractabifiti grain yield
are the major contributors f oAlmodares ed. 2006 r g h u m¢
Almodares et al.2008). However, these traits ageiantitativeand polygenic inheritancen
nature andare complexto be manipulated directly in breeding procedy#ou et al., 2011)
Therefore, tosuccessfully improve these complex traitey need to béissected into smaller
morphological, physiological andgenetical components, whiatould beeasily analyzed and
evaluated Previous studies have suggested that much variability erigtsce quality sugar
content, and juice yieldmong he U.S sweet sorghum collections (Ali et al., 2008; Murray et al.,
2008a Murray et al., 2009Makanda et al., 2009The consequences of the phenotypic variation
depend largely orthe environmentFurthermore, correlations between the traits @rgreat
importancean selection procedsr successfubreeding programs.

Correlation studies are important for both quantitative and qualitative trait improvement
programs.In sweet sorghumstalk yield hassignificant positive correlations with plant height,

stem diameter anguice yield (Audilakshmi et al., 2010) and alsstaong association of sugar
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yield with brix was noticed (Pfeiffer et al., 2010)herefore,selection for stalk yield should be
focusedon plantheight stem diameterbrix and juice yield Total sugar content could be
calculated from thérix because of a significant lineaorrelation betweebrix and total sugar
content of the juicdMa et al., 1992)Studies have shown that there was significant negative
correlation between grain yield astem biomass which might eventually lead to reduced sugar
yield (Makanda et al., 2009However, there are no studies that showed direct correlation
between physiological traits and sugar yield.

Sugar yieldis a quantitativetrait, which is the resultantof varioustraits contributing
together during the crop growtiwhich are interdependent their development. It is, therefore,
desirable to studyhe association between yield and yield attributiregts since this would
facilitate effectiveselectionfor simultaneous improvement of one mmore yield influencing
components. Howevedue to multicollinearity between yield components, a simple correlation
analysis between yield and its components would be misleadingorder to avoid
multicollinearity béween yield components and reduce the dimension of correlation, a PCA
analysis is preferabl@®CA is a powerful statistical tool by whichlationship betweenomplex
traits can bestudied Development of suitable genotypes for sustainable production @étsw
sorghum requires large screening of existing genotypes for quality and quantity of juice yield and
sugar contentScientific information on growth and development of sweet sorghum is limited
and precludes establishing valid interrelationships for ptiedi its biomass production and
sugar yield.Further the relationships betweenorphaephysiological and stem sugar yield traits
are notclearly understood.

The present study wasonductedto gain an insight into various morphological and

physiologicaltraits contribute tosugar yield insweet sorghum genotypes. Objectives of this
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study were to (1) evaluate 30 sweet sorghumotgoes for their sugar yieldand (2) obtain
information on the various growth and physiologidahits influencing sugar yield.We

hypothesize that sweet sorghum genotypes vary for the traits responsible for sugar yield.

4.2 Materials and Methods
4.2.1Plant materials

A total of 30 genotypes were chosen based on sugar yield data collected from two years
of field study using 280 swesbrghum germplasm collectionSenotypeshosen comprised 15
high sugar yielders and 15 low sugar yielde3seds were obtained from the USIBRS,
PGRCU, Isabela, Puerto Rico. The genotypes and their respective countries of origin selected for

the study ee presented in Tabkel

4.2.2Experimental site and environmental conditions

All 30 genotypes were evaluated under +f&d condition during 2009 at Ashland
BottomsResearch Farm e ar Manhatt an, KA®GAASEIBOIRDWESAIL L&
m). Soi at the experimental site wabasesilty clay loam (clay 12%, silt 60% and sand 28%;
and pH 6.8). Theaily weather parameters during the cropping season 2009 are presented in Fig.

4.1. The total amount of rainfall received during the cropping seasog-Qdtober) was 588
mm. The average maximum day and night air temperatare25.4°C and 13.1°C, respectively.
The normal (1972000) maximum and minimum air temperature for the period is’@%2d

14.8°C and normal cumulative rainfall is 497.3 mm.

4.2.3Crop husbandry
The experimental plot was chisel plowed and planted on 29 May, 2G0&natleep with

6 m x 2 m plot sizePlots werefertilized with 90 kgN ha’ as ureaFor weed control, the plots
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were sprayed with Bicep Lite Il Magnum (a.i. 0.82 kg atra ha and 1.03 kg Smetolachlor hg
prior to planting.The field was kept weed free by hand weeding as nece&sauly.plot consisted

of four rows of 6 m length spaced 0.75 m apatrt.

4.2.4Data collection
4.2.4.1Physiological traits

Physiological taits were recorded on attached fully expanded flag leaves of two different
tagged plantsn each replicatdor each genotype from flowering through maturity at 15 d
intervals at midday (between 10:00 and 14:0Q.baf dhlorophyll content was measured ugia
self-calibrating chlorophyll meter [Soil Plant Analytical Device (SPAD), Model 502, Spectrum
Technologies, Plainfield, IL, USA]. The photochemical efficiency R®Il (Fv/Fm) was
measured in 3tnin darkadapted leaves (Prasad et al., 2088)g pulsemodulated fluorometer
(Pulsemodulated fluorometer OS 30p, OptiScience, Hudson, NH, USA). The leaf temperature
was measured with a hasheld thermalmaging cameréFLIR ThermaCAM BCAM Janesville,

WI, USA).

4.2.4.2Phenology and growth traits
Days to 50% lbwering were recorded when 50% plants of each genatypeplot had

flowered. The plant growth traits were recorded frtwra randomly selected plants peplicate
Plant height was measured from base of the stem to the tip of the panicla n&agumg tape.
Stem diameter was measured from the three regions of the stem (btiotarBode, middle ®
internode, and the top™dnternode) using vernier caliper after stripping the leaves and leaf
sheaths. Datan stem diametewere averaged across tregions.Total number of green leaves

andtotal internodes on the stem wareunted.
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4.2.4.3Juice quality and yield traits
The yield traits were obtained from @ants from the interior row was harvested at

maturity. Plantswere stripped and topped atiek fresh weight of the panicles, leaves, and stems
were recorded. To extract juice, stemere crushed usinga motor operated three roller
sugarcane crusher (Sukra sugarcane crusher, Coimbatore, Tamil Nadu, India). After extraction,
juice was weighedThe percentage of extractable juice was calculated from the juice volume of
the sample and weight of fresh stem and expressag@sentageluice yield was estimated as

the volume of juice extracted from the stefme total soluble solids (Brix) of extri@d juice

were determined using a brix meter (Digital hdmedd pocket refractometer PAL, Atago,
Bellevue, WA, USA) and expressed in percentage. Juice yield and brix were used to calculate
sugar yield. The fresh leaf, panicle and crushed stem weredneehat 60C for 7d and dry
weights wererecorded The total dry biomass was calculated from the oven dried samples and

expressed in g plaht The panicles werditeshed to obtain grain yield.

4.2.5Data analyses

The experimental design was randomized glete block withthreereplications. The data were
subjected to the analysis of variance for each trait using the general linear model of the statistical
software by &tisticalAnalysisSystems (SAS), 9.1SAS Institute 2003). Genotypic means and

group neans between high and low sugar yielders were compared by least significant differences
(LSD) at 5% | evel of probability. Pearsonods
measured were computed using PROC CORR procedure in 3®&F2CA was runusing the
PRINCOMP procedure of th@AS statistical package. The eigenvatune criterion was used to
retainthe principal components that contributed consideraatbility. Eigenvectors generated

by PCA were used to identify traits that best diffefaetigenotypes for sugar yield performance.
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The first two PCA scores, PC1 and PC2 that accounted for maximum variability of the traits

tested, were used to group the genotypes.

4.3Results
4.3.1Physiological traits

Significant differences were found foralke chlorophyll content (SPADpnd PS Il
photochemical efficiencyHv/Fm) across the genotypes. The leaf temperature did not differ
significantly among genotypg3able 4.2). The genotype Isidombhad maximum chlorophyll
content, while the genotyp8olman ecorded the loweg{Table 4.3). The high sugar yielding
genotype, Tracy, registered highev/Fm ratio while the low sugar yielder, IS 2352 had the
minimum ratio (Table 4.2). Groupwise analyseshowed marked difference inchlorophyll
content and~v/Fm (Tale 4.5).The high sugar yielders as a group contained significantly more
chlorophyll than did the low sugar yielding group (Ta#lg). The high sugayielding group

significantlyhadhigherFv/Fmvalue as compared to low sugar yield@rable 4.5).

4.3.2Phenology and growth traits

There weresignificant differences among the genotypesdiays to 50% floweringplant
height number of green leaves, number of internodes and average stem diameter (Table 4.3)
The high yielding genotygeHoney No.6,No. 5 Gambelaand No. 6 Gambelhad the longest
duration for 50% flowering and the genotgpés 2352and Ames amber low sugar yieldes,
had shorter period (Tabke3). The maximum plant height was recorded in a high sugar yielder,
Honey No. 6 while the lowesugar yielder Waxy club had the minimum height (Tahg.
Among the genotypes, the high sugar yielder, MN 4578, recorded maximum green leaf number
as against the minimum found in Red amber, a low sugar yielder (#.8pl€&enotype MN 600,
a high sugar iglder had maximum number of internodes at maturity as against the low sugar
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yielder, Red amber (Tabke3). The average stem diameter of individual genotypes showed the
high yielder Wray, maintaining a higher value compared to a low sugar yielder, ISTx332

4.3). Significant differences were also observed between high and low sugar yielding groups
(Table 4.5).The data indicated that high sugar yielding group reached longer period to attain
50%flowering whereas the low sugar group had shorter pexioein 50% of the plants flowered
(Table 45). Groupwise also, the high sugar yielders significantly differed with low sugar
yielders and exhibited higher plant stature as against the low sugar yieldersA(%alae high

sugar yielding group had greatgreen leaf number when compared to the low sugar group
(Table 4.5).The high sugar yielders as a group possessed significantly greater number of
internodes when compared to low sugar yielders (T4ble The high sugar yielders maintained

higher values ohverage stem diametermpared to low sugar yielders (Table 4.5).

4.3.3Juice quality and yield traits

Significant genotypic variation was observed for brix, juice yield, sugar yield, extractable
juice, grain yield, stem fresh weight and total dry bionfasble 4.4) Highest brix was recorded
in the genotype, Della, a high sugar yielder whereas the lowest percentage of brix was obtained
in the genotype, IS 2352, a low sugar group (Tdbig. The highest juice yield recorded in a
high sugar yieldetdioneyNo. 6 whereas the lowest yield was obtained by the low sugar yielder,
MN 2894 (Table4.4). The high sugar yielders, Wrajoney No.6 and Isidomba were found
superior as indicated by the mean sugar yield value (Pa#h)e Among low sugar yielders, 1S
2352 and Ames amber produced the lowest sugar yields. The highest extractable juice percentage
was recorded in a low sugar yielder, IS 2352 while also the low sugar yielder, Rahmatella
gallabat recorded the lowest percentage juice extractability (BableThe genotype belonging

to the low sugar group, MN 2894 showed higher grain yield while the high sugar genotype,
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Honey No.6 recordedthe lowes{(Table4.4). Genotype Wray, a high yielder, produced highest
yield of stem fresh weight (Tabk4). The two edy maturing and low yielders, IS 2352 and
Ames amber, produced the lowest stem fresh weights (Ta#l)e Among the genotypes,
Awanlek, the high sugar yielder, was found to be highest in respect of total dry biomass (Table
44). The two low sugar yieldersymes amber and Red amber, were recorded lowest total dry
biomass.

There also appeared to be marked difference between the two sugarfgrabpsabove
traits except extractable juice (Table 4.5jo@wise mean values indicated significantly higher
amaunt of brix value pres# in the high sugar grouppan recorded lowest brix in the low sugar
yielders (Table4.5). Similarly, higher content of juice was obtainable from the high sugar
yielders than low sugar yielding genotypes (TaBld). The high sugargroup registered
significantly higher sugar yield than the low sugar group (TdlB¢ The low sugar yielders
produced higher grain yielthan most of the high sugar yielddi&able 4.5) The high sugar
yielding group had significantly higher stem fresaight as compared to low sugar group (Table
45). The high sugar group produced significantly higher dry biomass than the low sugar group

as indicated by their meanluas (Table 4.5).

4.3.4Correlation analyses

Correlation studies revealed significant grasitive correlation between sugar yield and
plant height (Fig4.2a), number of green leav@sig. 4.2b), and average stem diameter (Fig.
4.2c). Significant positive correlation was observed between sugar yield and days to 50%
flowering (Fig. 4.3a), leathlorophyll (Fig. 4.3b);Fv/Fm (Fig. 4.3c) and brix (Fig. 4.3d). The

yield traits such as stem fresh weight (Figlad.and juice yield (Figd.4b) were positively and
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significantly correlated with sugar yield while grain yield (Fig4c) was found negaely

associated with sugar yield.

4.3.5Principal component analyses (PCA)
The results of the PCA of themits andgenotypes are presented in Tabk Considering

the Eigenvaluene criterion, the firsthreeprincipal components explainé@.08% of the total
variation among sweet sorghum genotypes. The first principal component (PC1l) had an
eigenwalue of 7.334and explained 52% of the total variation present in the sweet sorghum
genotypesStem fresh weight, number of green leaves, number of interplashd height, days to

50% flowering, stem diameter, juice yield, total dry biomasd brixhad the highest positive
loadings in PC1 while grain yield, extractable juared leaf temperature had negative loadings
(Table4.6). The second principal compondi?C2) had an Eigenvalue df715and accounted

for around 2% of the total variation. The PC2 primarily had a positoadingwith extractable

juice, leaf temperaturechlorophyll SPAD and Fv/Fm The third principal component had
eigenvalueof 1.322 and contributed 914% to the total variation. Component scores for the
genotypes evaluated are shown in Tabie Genotypes such as MN 4578, Wray, MN 600, No. 6
gambela, No. 5 gambela and Honey Mohad highest positive values for PC1 whereas,
genotypes 12352, Ames amber, Red amber, Waxy club, Luel and Colman showed negative
values for PC1. The group of genotypes with the positive PC2 values were Honey No. 6, IS
2352 Tracy, IS 12900, Isidomba and MN 4135 while genotypes Atlas, MN 2894, MN 4578,
Della, Neum boer and Leokpeltier had negative PC2 values (Tall6). The first two PCs,
which contributed to about 65% of the total variance, were graphipaedigented on a two
dimensional plotFig. 4.5). On an average, high sugar yielders were highly cdelto PC1

and were placed on the right of thepbot and most of the low sugar yielders correlated to PC2
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and were placed on the left of thedbot (Fig. 4.5). Fig. 4.6 shows the correlation between the

traits and the principal components for the cdmiion of each trait to the total variance. The

first principle component PC1 was significantly and positively associated with most of the traits
such as stem fresh weight, number of green leaves and internodes, days to 50% flowering, plant
height, averagstem diameter, juice yield, total dry biomasg/Fm, brix, and chlorophyll SPAD
negatively with grain yield, extractable juice and leaf temperature @&&). PC2 had a
significantly and positively correlated to extractable juice, leaf temperature Fdabphyll

SPAD and negatively with grain yield (Fig5).

4.4 Discussion

Recently, breeding for improving biofufrom juice) and byproducts (from bagasse)
becoming an important breeding objective for sweet sorghumeders to meet the rapidly
incressed demand for biofugbroduction worldwide. It is well known that progress in plant
breeding depends on the extent genotypic variability existedin a population.Significant
genotypic variability for plant height, stem diameter, daysamthesis brix and grain yield
among sweet sorghum genotypes \pesviouslyreported(Ritter et al., 2008Ali et al., 2008
Murray et al, 2008a Wang et al. 2009 Murray et al, 2009; Makanda et al., 2009). In the
present study, since the sweet sorghum genotypesheaert from two diverse sugar yielding
groups, most of the measured traits exhibited extensive variability.

The presence of greeralenumber contributes assimilategpply to the sink (stem). The
green leaf numbersevealed that the genotypes belongingttite high sugarielding group
possessed greateumber of leavesThe low sugar yielding genotypes contained fewer number
of green |l eaves which restr i cTheHighisugayislding s si mi |

genotype, MN 4578, which produced thmaximum number ofreenleaves, also accumulated
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the greatest amount of dry mafterhile Red amber, a low sugar yielder, produced a low total
dry biomass with the least number of leay€able 4.3 and Table 4.4n general plants that
accumulated greatdiomass had higher sugar yield at matufltye leaf number and dry matter
accumulation in sorghum were positively associated with each other as repoBedebguer
and Faci2001).

High sugar yielders generally possessed taller stature than the bav welders.
Tallness of the plant favored production of greater amount of biomass in the stem portion and
this was indicated by the accumulation of greater stem fresh weight in the taller genotypes like
MN 4578, MN 600 and No. 6 Gambela (Table 4.3 antid&.4).Earlier studies involving
sweet sorghum hybrids also brought out a significant role of plant height in contributing to total
biomass (Pfeiffer et al., 2010).

The high sugaryielders recorded thehighest chlorophyll content and PS I
photochemisly (Fv/Fm) whereas low sugar yielders had lowest chlorophyll BweFm (Table
4.2 and Table 4.5Evidence is also available to point towardfative chlorophyll content as a
rate determining factor in photosynthe¢fsnjum et al., 2011)High photosyntheét rate is
positively correlated with PS 1l photochemistfy/Fm ratio (Van der Tol et al., 2009). The
increase in PS Il photochemistry might have increased photosynthetic rate in high sugar yielding
group which favored high biomass accumulation and sygt. The leaf temperature did not
vary between the two sugar yielding groups hence the influence of leaf temperature on sugar
yield was minimum (Table 4.5).

The high sugar yielding group produced higher stem fresh weight, juice yield and high
brix which were the contributory factors for their high sugar yield (Table 4.4). Conversely, low

sugar yielding group had lower stem fresh weight, juice yield and brix resulted in lower sugar
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yields. The stem fresh weight could also be directly related to juice.\Wéirray et al. (200&,

b) reported a significardssociatiorbetweenbrix andjuice yield Since sugar yield is a product

of brix and juice yield, these two traits may be considered selection criteria for identifying a
sweet sorghum genotype with a putel for high sugar yield.

It is also noticed thatigh sugar yielders are lateaturingenabled the plant to maintain
an adequate supply of photoassimilates for a longer duration than in the case of low sugar
yielders.It suggests that earliness does fawbr higher accumation of sugar in sweet sorghum
(Table 4.3).Stem and grain were all sinks of the photosynthates in terms of the relationship
between source and sink in sweet sorghAfter postflowering, stored photoassimilates from
leaf and stem wad start to mobilize to the grain development. In sweet sorghum, the
maintenance of stem weight depends on how fast this partitioning process occurs in order to
favor high sugar accumulation. This is observed from this study that high sugar yielders are
known for their low grain yields, partitioning of photoassimilates was less towards grain sink
unlike in the case of low sugar yielders where greater proportion of assimilates were diverted for
grain as indicated by higher grain harvest index (Table 4.4).

Knowledge of correlation is important to obtain the expected response of other traits
when selection is applied to a particular trait of interest in a breeding programme. To determine
the degree of association of component traits with sugar yield, theéatiomecoefficients were
estimated considering sugar yield as a dependent trait. Of the various traits, plant height, stem
diameter, juice yield and stem fresh weight were positively and highly significantly correlated
with sugar yield. Taller plants hagyrmmore stem biomass and juice could produce more sugar

yield. Similar result was reported by Murray et al. (20@#d . There was a significant
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negative correlation between grain yield and sugar yield indicating that panicle acted as a
strongest sink focarbohydrates (Fig. 4.4c).

The PCA was performed on the basis of all measured traits (Table 4.6) and genotypes
(Fig. 4.5) were subjected to biplot analysis for assessing the relationships among all of
component traits. The first two principal componentpl@&ned about 65% variation among
sweet sorghum genotypes for all the traits investigated. The PC1 had higher correlation with
stem fresh weight, number of green leaves, internode number, days to 50% flowering, plant
height, stem diameter and juice yidlgig. 46). Thus, PC1 can be named as the sugar yield
potential and genotypes on this PC1 biplot will be high sugar yielders (Fig. 4.5). PC2 had
positive correlation with extractable juice and leaf temperature and negatively associated with
grain yield. Tle PC2 was named as low sugar yield potential which separates low sugar yielders
from high sugar yielding genotypes. Thus selection of genotypes that has high PC1 is suitable for

high sugar yield characteristics.

4.5 Conclusions

Sugar yield in sweet sorghuim anintegration of morphgohysiologicaltraits. High sugar
yielders hadhigher greenleaf numbes, tall plant statug, high average stem diametdrigher
Fv/Fm and higher stem biomass accumulation, and low grain yield. Whereas, the low sugar
yielders hd more assimilates in grai@f the thirty sweet sorghum genotypes investigaidtiis
study, five genotypes, Wray, Honey N6, Isidomba, MN 4135 and No. 5 Gambela were
identified as the high sugar yieldets. addition, principal component analysis (PQAade it
possible to establish similar groups of genotypes, according to their sugar vyielding

characteristics, as well as to study relationships among traits associated with sugar yield
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4.6 Tables and Figures

Figure 41 Daily maximum and minimum mean air temperature and rainfall during the cropping

season (2009)
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Figure 42 Correlation between sugar yield and growvthits (a) plant heightb) number of

leavesand(c) average stem diamete
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Figure 43 Correlation between sugar yield gpidenology physiologyand juice quality traits.

(a) days to 50% floweringb) chlorophyll SPAD(c) Fv/Fmand(d) brix.
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Figure 44 Correlation between sugar yield and yietits (a) stem fresh weigl{b) juice yield

and(c) grain yield
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Figure 45 Biplot analysis showing 30 sweet sorghum genotypes for principle components (PC1

and PC2).
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Figure 46 Correlations between traits and principal components indicated by thick lines from
centre point and showing the direction (angle) and magnitude (length) for maximum chlorophyl
(SPAD), PS Il photochemical effency Fv/Fm), juice yield 0Y), days to 50% flowering»{F),

plant height PH), number of internodedN(), stem fresh weightSFW), number of green leaves
(NL), average stem diamet&x3G), brix, total dry biomassTOM), extractable juiceJEX), leaf

temperature [(T) and grain yieldGY).
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Table 41 Sweet sorghum genotypes selected for the study and their respective countries of

origin.

High sugar yielders Origin Low sugar yielders Origin
Awanlek Sudan Ames amber *
Dale USA Atlas *
Della USA Collier *
Honey No6 * Colman *
IS 12900 India IS 2352 Pakistan
Isidomba South Africa Leolti-peltier *
MN 4135 Yugoslavia Luel Sudan
MN 4578 Ethiopia MN 2894 Syria
MN 600 France Mubeya Kenya
MN 818 Hungary Nerumboer Sudan
No. 5 gambela Ethiopia Rahmetallagallabat *
No. 6 gambela Ethiopia Red amber Australia
Top 766 USA Smith USA
Tracy USA Wad fur white Sudan
Wray USA Waxy club USA
*Unknown.
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Table 42 Genotypic means of vamiis physiological traits of sweet sorghum genotypes/n at

Manhattan, Kansas

Genotypes Chlorophyll Leaf PS I
0 photochemical
(SPAD) temperature (°C) efficiency EV/Fm)

Ames amber 48.1 29.8 0.717
Atlas 48.3 29.0 0.669
Awanlek 54.2 29.0 0.739
Collier 52.0 28.7 0.730
Colman 44.0 29.5 0.717
Dale 55.4 29.1 0.738
Della 53.5 28.4 0.726
Honey No. 6 53.2 29.4 0.735
IS 12900 58.1 29.6 0.753
IS 2352 53.5 29.7 0.664
Isidomba 61.7 29.1 0.751
Leoti-peltier 47.2 28.5 0.713
Luel 56.9 29.2 0.698
MN 2894 53.8 29.0 0.700
MN 4135 58.0 29.1 0.735
MN 4578 48.3 28.6 0.751
MN 600 55.6 28.5 0.734
MN 818 52.9 29.0 0.737
Mubeya 47.3 29.1 0.740
Nerumboer 48.1 28.8 0.715
No. 5 gambela 54.3 29.2 0.751
No. 6 gambela 56.5 28.7 0.734
Rahmatellagallabat 51.6 29.6 0.691
Red amber 46.7 28.7 0.724
Smith 51.2 29.1 0.741
Top 766 55.1 28.7 0.753
Tracy 59.7 29.3 0.767
Wad fur white 46.4 29.6 0.740
Waxy club 49.0 28.9 0.725
Wray 57.0 28.6 0.736

LSD at 0.05 3.0 NS 0.04

significance level

NSi Non-significant
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Table4.3 Genotypic means of phenology and growth traits of sweet sorghum gengtygpas

at Manhattan, Kansas

Genotypes Days to Plant Number Number of Average
50% height (cm) of green internodes stem

flowering leaves plant* diameter
plant* (mm)
Ames amber 70 253.1 6.6 9.5 13.9
Atlas 77 281.5 9.5 12.3 17.3
Awanlek 90 322.5 12.8 14.3 16.5
Collier 73 278.9 8.5 10.3 14.3
Colman 76 279.4 8.5 10.8 15.1
Dale 90 359.4 11.6 14.0 17.3
Della 80 360.2 10.5 12.1 16.1
Honey No. 6 102 388.1 11.3 13.5 16.9
IS 12900 82 285.2 9.0 11.8 14.7
IS 2352 70 292.0 6.8 11.1 12.9
Isidomba 90 330.6 10.8 13.0 17.0
Leoti-peltier 74 275.5 7.8 10.1 15.9
Luel 71 288.2 9.1 11.6 15.1
MN 2894 71 270.9 7.8 10.1 13.4
MN 4135 81 353.9 11.5 13 16.7
MN 4578 92 375.0 14.0 15.0 17.4
MN 600 98 373.8 11.6 16.3 17.4
MN 818 87 308.1 10.5 13.6 17.6
Mubeya 90 340.7 10.3 13.0 15.7
Nerumboer 93 344.1 12.8 15.3 17.7
No. 5 gambela 102 308.1 11.5 13.6 18.3
No. 6 gambela 102 369.9 11.8 14.5 17.8
Rahmatellaggallaba 90 303.1 12.5 15.3 14.7
Red amber 72 270.9 5.8 8.6 14.5
Smith 92 321.3 10.8 135 17.0
Top 766 99 317.9 10.3 12.8 16.5
Tracy 89 325.9 10.3 12.8 16.8
Wad fur white 101 351.3 13.0 14.1 16.0
Waxy club 79 239.1 7.0 10.5 16.3
Wray 85 350.5 11.5 13.8 18.9
LSD at 0.05 3.9 19.3 1.6 1.4 1.3

significance level
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Table 44 Genotypic means of variojisice qualityandyield traits of sweet sorghum genotypes

grown at Manhattan, Kansas

Genotypes Brix Juice yield Sugpryield Extractable Grain Stem Total dry Harvest
(%) ml plantl) (ml plantl) juice (%) yield fre_sh biomass index
(g plant’) weight (g plant’)
(g plant®)

Ames amber 12.6 170 21.4 56 30.6 303.8 132.6 0.23
Atlas 15.8 245 38.7 42 50.8 582.3 224.2 0.23
Awanlek 16.3 330 54.0 47 50.1 698.3 273.7 0.18
Collier 18.9 221 42.0 44 20.7 499.2 1700 0.12
Colman 18.8 220 41.3 50 32.9 434.8 183.3 0.18
Dale 18.5 266 49.4 45 18.3 590.6 204.8 0.09
Della 20.5 270 55.2 41 17.6 659.9 212.4 0.09
Honey No. 6 16.1 391 62.9 60 2.90 6605 167.7 0.02
IS 12900 16.1 295 47.6 49 17.0 596.5 190.2 0.09
IS 2352 8.1 180 14.4 70 39.2 255.8 153.9 0.25
Isidomba 18.1 345 62.4 53 16.6 652.3 210.2 0.08
Leoti-peltier 16.9 235 39.6 51 33.9 457.7 164.9 0.21
Luel 16.5 150 24.3 41 27.0 360.9 161.3 0.17
MN 2894 17.4 145 25.1 43 53.0 335.4 165.1 0.33
MN 4135 18.3 333 61.0 54 15.6 616.1 180.9 0.09
MN 4578 17.4 287 50.3 38 12.4 755.9 250.4 0.05
MN 600 17.1 310 53.1 44 115 698.3 238.5 0.05
MN 818 16.3 355 58.0 50 29.6 703.8 233.7 0.13
Mubeya 15.6 266 41.6 39 26.1 675.1 228.1 0.11
Nerum boer 15.3 261 40.1 42 15.9 621.0 232.6 0.07
No. 5 Gambela 17.2 342 58.9 51 15.7 662.3 228.6 0.07
No. 6 Gambela 16.5 336 55.7 49 23.4 690.0 257.7 0.09
Rahmatella 16.7 190 31.7 38 11.1 490.9 1920 0.06
Red anber 12.3 206 255 58 22.4 353.0 136.9 0.17
Smith 13.6 240 32.7 42 25.4 579.0 192.9 0.14
Top 766 17.4 304 52.8 46 9.1 650.4 194.4 0.05
Tracy 19.2 295 56.6 54 19.4 550.7 188.1 0.11
Wad fur white 13.2 303 40.0 46 10.9 661.2 201.2 0.05
Waxy club 11.2 202 22.7 50 39.6 401.8 171.6 0.23
Wray 16.4 385 63.2 41 12.7 940.0 220.4 0.06

LSD at 0.05 1.3 39.9 7.0 8.8 6.8 72.3 19.4 0.04

significance level
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Table 45 Group mean values of various traits in high and low sugétiggesweet sorghum

genotypegirown at Manhattan, Kansas

Traits High sugar yielders Low sugar yielders LSD
Physiology

Chlorophyll content (SPAD) 55.62 49.8 0.7
Leaf temperature (°C) 28.9" 29.° NS
PS Il photochemical efficiency 0.743 0.712 0.01
(Fv/IFm)

Phenology androwth

Days to 50% flowering 91.4 80.1° 1.0
Plant height (cm) 341.6 292.7 4.9
Number of green leaves plant 11.2 9.1° 0.4
Number of internodes plaht 13.6' 11.7 0.3
Average stem diameter (mm) 17.22 15.2 0.3

Juice quality and vield

Brix (%) 17.4 14.8 0.3
Juice yield (ml plant) 323.6¢ 215.7 10.3
Sugar yield (ml plant) 56.17° 32.P 1.8
Extractable juice (%) 48.32 47.7° NS
Stem fresh weight (g plafx 675.F 467.4 18.6
Total dry biomass (g plan} 216.8 180.7 5.0
Grain yield (g plant) 18.7° 29.3 1.7

NSi Non-significant
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Table 46 Eigenvectorseigenvalue, total variance, cumulative variance, and component scores

for 30 sweet sorghum genotypes baseddindits

Traits Eigenvectors Genotypes Component scores
PC1 PC2 PC3 PC1 PC2 PC3
Chlorophyll SPAD 0.133 0.297 -0.406 Awanlek 1.866 -1.030 0.724
Leaf temperature -0.133 0.416 0.402 Dale 1.703 0.084 -0.243
Fv/Fm 0.232 0.244 -0.337 Della 1.213 -1.471 -1.696
Days to 50% flowering  0.314 0.169 0.242 Honey No. 6 2.056 3.031 0.557
Plant height 0.314 0.106 0.091 IS 12900 -0.595 1.620 -0.840
Number of leaves 0.332 -0.068 0.245 Isidomba 1.805 1555 -1.356
Number of internodes  0.318 -0.034 0.339 MN 4135 1.133 1.341 -1.027
Stem diameter 0.310 -0.068 -0.016 MN 4578 3.547 -1.479 0.577
Brix 0.186 -0.197 -0.522 MN 600 3.379 -0.407 0.111
Juice yield 0.308 0.252 -0.091 MN 818 1.433 -0.015 0.017
Extractable juice -0.149 0.581 0.005 No.5 Gambela 2.363 0.983 0.082
Stem fesh weight 0.345 -0.056 -0.035 No.6 Gambela 3.153 0.016 0.272
Total dry biomass 0.295 -0.273 0.173 Top 766 1.621 0521 -1.035
Grain yield -0.218 -0.334 0.076 Tracy 0.991 1.751 -1.531
Eigenvalue 7.334 1715 1.322 Wray 3.460 -0.354 -0.847
Variability (%) 52.38 12.25 9.44 Amesamber -5.174 1.241 0.495
Cumulative (%) 52.38 64.64 74.08 Atlas -1.393 -2.620 1.102
Collier -1.904 -0.875 -1.953
Colman -2.557 -0.580 0.128
IS 2352 -5.734 2196 2.116
Leoti-peltier -2.524 -1.143 -1.148
Luel -2.667 -0.791 -0.564
MN 2894 -4.064 -1.702 -0.936
Mubeya 0.789 -1.031 0.823
Nerum boer 1.965 -1.216 1.588
Rahmatella Gallabai -0.201 -0.576 1.893
Red amber -4.329 0.613 -0.808
Smith 0.445 -0.240 0.877
Wad fur white 152 1018 2426
Waxy club -3.312 -0.444 0.196
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Chapter 5 - Effect of water stress during early grain filling on
growth, physiology and yield attributes of sweet sorghum in

controlled environment

5.0 Abstract

Sweet sagghum Sorghum bicoloi.. Moench) is an important bioenergy crop grown in
semtarid regions of the world. i¢ld and quality of sweet sorghum are severely affected by
occurrences of drouglftvater stressjluring reproductive periods. A greenhouse experimeist
conducted to study the impact whter stress on physiology, growth and development of four
sweet sorghungenotypes. Genotypes (Awanlek, Smith, Tracy and Wray) were subjected to
threewater stress treatments00% pot capacity, fully irrigated; 70% poapacity, mildstress
and 306 pot capacity, severe strefs) 20 daysat the beginning of grain fillingMilk) until hard
dough stage. During the stress peridata on physiological traits were recorded at interval.

At grain maturity,growth, yieldand bioenergy traits were measured. The results showed that
genotypes differed significantly for all physiological, growth and yield, and bioenergy traits.
Average stem diameter and grain yield were found-gignificant among the genotypes.
Treatments stwed significant effect on yield, sucrose, and all physiological parameters. The
interaction for genotypes and treatments was significant for juice and sugar vyields, glucose,
fructose, sucrose and all measured physiological traits. Water stressed aiftsastly
decreased chlorophyll SPAD afe/Fm Severe drought significantly decreased juice and sugar
yields by decreasinget photosynthetic rate, transpiration rate and stomatal conductance.
Relative to the control plants, sucrasethe stem juice icreased significantly under severe
stresswhereas thevaterstress did not affect the levels of glucose and fructose. Genotypes Tracy

and Wray produced significantlyighest brix, stem fresh weightiice and sugar yietdunder
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both irrigated andvaterstress conditionsSevere water stress at milk stage has detrimental effect
in reducing most of the bemergytraits thammild waterstressAmong the genotypes, Tracy was

found to be relatively more drought tolerant.
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5.1 Introduction

Sweet sorghumSorghum bicolor L. Moench)is an importantfeedstock for the use of
biofuels (from juice) and bproducts (from bagasseYdrmerris et al., 2007Rooney et al.,
2007;Vasilakoglou et al., 20)0Sweet sorghum is characterized by high sugar content primarily
sucose in the plant sap or juice, from which ethanol can be produced (Kamiyama et al., 2009).
The sorghum biomass is a rich source of cellulose, hemicelluloses and lignin

Drought stress is the primary limiting factor of crop productivity, accounting for tharea
50% reduction in yields worldwide (Boyet982). Generally, sweet sorghum is grown in the
semtarid regions of the world. In these regions, optimum irrigation is vital for maximizing crop
yieldds becausesdpplrgasbogewanesigniycant red
sugar yield Drought stress affects various physiological processes such as leaf temperature, leaf
chlorophyll, chlorophyll a fluorescence Kv/Fm), stomatal conductance, transpiration and
photognthesis in various crops (Silva et al., 2D0Ih the case of sweet sorghum extensive
research has been done on agronomic performance for sugar and ethandiegtdd €t al.,

2011), biomass yield and compositiodhao et al., 2009 and juice fermentatn (Wu et al.,
2010, genetic diversity Ali et al., 2008; Wang et al., 20p9water use efficiency and other
photosynthetic characteristiocSdrnic andMassaccgi1996 Steduto et al., 1997; Mastrorilli et al.,
1999). However, little is known about theysiology, growth and yield of sweet sorghum under
drought stress.

In sweet sorghum, sucrose, glucose and fructose contents in stem increase after anthesis and
reach a maximum level near post anthesis (Almodares et al., 2008). Hence, environmental
conditionduring reproductive growth stage is an important factor affecting carbohydrate content

(Almodares et al., 2007 Drought stress experiments on sugar b8etg vulgarisL.) have
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shown adverse effects on both leaf photosynthesis as well as sucrosenytbklsniature plants

(Monti et al., 2006). They also reported that drought stress in the early growth period was
negatively associated with the sucrose content at maturity. In studies on sug8smtatum
officinarumL.), stem diameterQa Silva and Da @sta, 2003 and stalk height and cane yield
(InmanBamber and Smith, 2005) were severely affected by drought conditions. Drought also
resulted in morphological changes in the sugarcane, which included reduced leaf area, thicker
leaves, less responsive tata and increased ratio of roots to shoots (Hussain et al., 2004).
Tognetti et al. (2002observed that optimum irrigation is the key to have higher sugar yields for
sugar beet cultivation in serarid Mediterranean terrains.

In sweet sorghum, plant heiglstem diameter, stem fresh weight, juice yield, brix and stem
sugar contents are the most important characteristics for biofuel production (Murray et al., 2008,
Pfeiffer et al.,, 2010) and are determined by the efficient physiological behavior of the plan
under different environmental conditions. Previous studies showed that plant height is highly
correlated to juice yield and stem fresh weight (Murray et al., 2008). There is also a significant
linear correlation between brix and total sugar content @fjufce Audilakshmi et al., 2010
The above established characteristics were obtainable only under optimal irrigation conditions
(Vasilakoglou et al., 2010Y.here are no systematic studies describing sensitivity of reproductive
stage of sweet sorghum tdrought stress. Hence, this study aims to achieve a better
understanding of the drought stress during early grain filling stage and the effect of changes in
the sugar contents and composition. Further improvement of drought tolerance in sweet sorghum
is dill a need for improved biofuel production efficiencylehtification of the most suitable
genotypes which are unaffected by drought during the ripening stages is also crucial for

consistent juice and sugar yield. The objectives of this research wejeqtaitify effects of
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water stress on brix, juice and sugar yield and (ii) quantify the genotypic difference for brix,

juice and sugar yield under various drought stress levels.

5.2 Materials and Methods

5.2.1 Crop husbandry

The experiment was conductedder controlled environmeifi&cilities (greenhouseat the
Kansas State UniversityDepartment of Agronomy, Manhattan, KS. Four sweet sorghum
genotypes namely Awanlek, Smith, Tracy and Wnagre grown in 18_ pots filled with soil,
sand and vermiculite ithe ratio of 2:1:1 by weighiThe pots were fully soaked with water and
left for 1 d to drain and thelive seeds per pot were sown at-and depth. The soil mediumas
fertilized with slowreleasefertilizer (Osmocote®, Hummert International, Topeka, KiSA,
14:14:14% N: P: K, respectively) at 5 g per pot before sovAftgr emergencétwo-leaf stage)

a systemic insecticide (Marathon®1% G; Imidacloprie](6-chloro-3-pyridinyl) methyl}N-
nitro-2-imidazolidiniming was applied to each pot at 4 g pet. @eedlings were thinned to two
per pot after 15. The plants were grown at a temperature regime of 32/23°C day/night, 12

h photoperiod and photosynthetic photon flux density of B&G0 pmol m s provided from
natural solar radiation and supplemtal fluorescent lightsThe relative humidity in the
greenhous&vas set aB0%. Air temperature, relative humidity, and light level were continuously
monitored at 2dmin intervals throughout the duration of experiment with HOBO data loggers

(Onset Compuers, Bourne, MA, USA).

5.2.2 Water stress treatments

All plants were grown under fully irrigated conditions (watered daily) from sowintOtd
after complete anthesigt the beginning of the milk stage, tip®ts were subjected to three
levels ofwater stess These were: 100% pot capacitylky irrigated; control), 70% pot capacity

116



(mild water stress) and 30% pot capacity (severaer stress).Water stress treatments were
imposed from the beginning ¢he milk to hard dough stag&he water stress treaments and

stage of stress were assigned because sweet sorghum accelerates sugar accumulation in juice
during milk stage than at later stages of grain maturity (Almodgras, 2008c).Initially, pots

were weighed and filled with 15 kg of soil. All potere then completely saturated with water

and the excess water was allowed to drain for 1 d. The pot weight was determined after
saturation of the soil (pot weight about 17 kg). Then five pots were randomly selected and soils
in each pot were completely sdried and dry weight of the soil was recorded (pot weight about

13 kg each). The differendetween the soil weight after drainage andlweight after complete

drying is 100% water holding capacity (water content about 4 kg). From this 100% wateg holdin
capacity value 70 and 30% pot capacity were computed. The pot capacity (100, 70 and 30%) was
maintained by weighing pots daily and adding the required amount of water during water stress
period. The plant weight was deducted from these pots by compdaihg weight of five
representative pots without plants maintained separately for the pufp@sduration ofvater

stress wag0d and then plants wereatered dailyuntil final harvest at maturity.

5.2.3 Observations recorded

5.2.3.1 Physiological trast

Oneuniform plant in each pot was tagged for recording the physiolotyiziéé before start of
treatmentsMeasurements were taken on the tagged plants from the flag\feafthe start of
water stress treatments, data on physiological trastdo(ophyll content (SPAD), Spectrum
Technologies, Plainfield, IL, USA); chlorophyk fluorescence(Fv/Fm) (Pulsemodulated
fluorometer OS30p, OptiScience, Hudson, NH, USA); canopy leaf temperature (FLIR

ThermaCAM BCAMinfraredthermal imagingcameraJanesvilk, WI, USA) and gas exchange
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measurements, (LLOR 6400 portable photosynthesis system, Lincoln, NISA) were

measuredMeasurements were taken 0 d on5 d intervals.

5.2.3.2 Growth traits
At maturity, plant height was measured from base of the stethé tip of the panicland

was expressed in crstem diameter was measured from the three regions of the stem (b8ttom 3
internode, middle Binternode, and the tog"dnternode) using vernier caliper after stripping the
leaves and removal of leaf stibs. Average stemliameterwas computed from the mean of the
three regionsThe rumber of leaves on the stem wasunted The lkeaf area was measured by
leaf area meter (Model £3100, LiCor, Inc. Lincoln NE USA). Stalks were strippedf leaves

and toppd. The freshweight of the stenof each sample was recorded. The fresh leaf, panicle
and crushed stem were oveéned at 60C for 7 d and dry weights were recorded individually.
The total dry biomass was calculated from the oven dried samples. The paeidézeshed to

obtain grain yield.

5.2.3.3 Bioenergy traits

The stalks were chopped in to small piebefore juice was extractedhe juice froma
single plantwas extractetby usinggarlic press. The extracted juice was weigfadcalculating
juice yeld per plant. The fiix was recorded on the extracted juice using didgiahdheld
refractomete(Digital handheld pocketrefractometePAL-1, Atago, Bellevue, WAUSA). The
sugar yield was calculated as the product of ) and juice yield.The juie samples were
then kept frozen for carbohydraiglucose, fructose and sucroseplysis.Glucose, fructose and
sucrosewere estimated in the extracted stalk juisngHPLC (Shimadzu Corporation, Japan)
The juicesamples from each treatmenere dilutel appropriatelyand thediluted liquid after

centrifugation was filtered through 0.45 micron RC membranes into the HPLC vials and placed
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in the autosampler tray (Prominence, RAC) maintained at*€. Sugars were quantified by

the binary HPLC system (Shadzu Corporation, Japan) using the Refractive Index (RI) detector
(RID-10A) and Phenomenex RPM monosaccharide column (300 x 7.8 mm, Phenomenex, USA).
Deionised water was collected from the Milli Q (Direct Q, Millipore Inc, USA), degassed using
ultrasonictéor (FS 60, Fisher Scientific) and was used as mobile phase. The column oven
(Prominence CTER0OA) was maintained at 8C, RID at 68C and the mobile phase was
pumped at a flow rate of 0.6 ml/ min through the binary pump (Prominenc20AB).
Standards of lgcose, fructose and sucrose were also run under same conditions. The sugars in
the samples were analyzed by comparing area under the peaks of the stamdardkiplying

with the dilution factor.

5.2.4 Data analyses

The experiment was conducted in atéai@l randomized block design (4x3). There were two
factors in this experiment. Factor 1 is genotype and has four levels. Factor 2 is water stress with
three levels. The experiment consisted of 12 treatments. Each treatment was replicated thrice.
Three pts were used for each replicatidrhe data were subjected to the analysis of variance for
each trait using the general linear model of the statistical software by statistical analysis software
9.1 (SAS, 2003). Differences among treatment means were oednjfgr least significant

differences (LSD) at 5% level of probability.

5.3 Results
5.3.1 Physiological traits
Significant differences were observed among the genotgpdswater stress treatmeifits
all physiological traits such d&v/Fm, chlorophyll SPAD Jeaf temperature, photosynthetic rate,
stomatal conductance, intercellular £€ncentration (Ci) and transpiration rai@lle 5.). The
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interaction between genotype anater stresdreatment was significant for most of the traits
exceptintercellular @, concentratior{Table5.1).

The genotype Trac had maximum chlorophyll SPADFV/Fm, net photosynthetic rate
stomatal conductanand transpiration ratend also showed lower leaf temperature (Table 5.2).
Genotypes Wray and Awanlek wergermediatefor most of the traits whereas Smith had the
lowest values (Table 5.2%evere \ater stressignificantly decreasechlorophyll SPAD Fv/Fm,
net photosynthetic ratestomatal conductance, and transpiration rate followed by mild water
stress (Table 5.3). In atlidn, severe water stress significantly increased leaf temperature but the
difference was only modest in comparison to mild water steesb also showed higher
intercellular CQ concentration compared to mild stress and control condifiable5.3).

Interaction effects showed that sweet sorghum genotypes experienced a decrease in SPAD,
Fv/IFm, net photosynthetic rate, stomatal conductance and transpiration ratewatdr stress
conditions (Fig5.1 andFig. 52). Tracy showed highest reduction of SPADald and severe
water stress conditions (17.9 and 24.5%, respectively) when compared to its contrbl1{Fig.
Fv/IFmdecreased in genotype Smith with a highest reduction of 4.8% under mild stress followed
by Wray (3.9%), Tracy (1.8%), and Awanlek (1.3%bk)g. 5.1). Genotype Tracy experienced
highest decrease by 7.0% compared to control under severe water stress.

Net photosynthetic rate was decreased by 23.9% in Tracy and 54.3% in Wray under mild and
severe stress respectively (Fi2). On the other hah stomatal conductance decreased by 32%
in Tracy and 57.8% in Wray under mild and severe stresses respectivel.2fidSimilarly,

mild and severe water stress decreased transpiration rate by 35.1% in Tracy and 57.8% in Wray,

respectively (Fig5.2).
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5.3.2 Growth and yield traits

Genotypes significantly influenced growth and yield traits of sweet sorghum except average
stem diameter and grain yield. Water stress caused a significant impact on yield traits but did not
affect growth traits. The interaoti of genotype and water stress did not significantly influence
both growth and yield traits (Tabfe4).

Tracy recorded the maximum plant height, followed by Wray (Tal#g Leaf area was
maximum in Awanlek and Wray (Tabf5). Similarly, Awanlek and Way produced maximum
number of leaves plant(Table 5.5). Genotype Tracy had maximum stem diameter while
minimum was found in AwanleKTable 5.5) Tracy recorded highest stem fresh weight which
was similar to Wraywhereasgenotype Smith produced lowestest weight (Table 5.5)
Genotype Awanlek recorded significantly highest total dry biomass followed by Tracy (Table
5.5). The grain yield was highest in Tracy and the lowest in Wray (Tabje

Water stress treatments significantly affected stem fresh waighcontrol had significantly
highest stem fresh weight followed by mild stress whereas severe stress significantly decreased
stem fresh weight (Tabl&.6). Similarly, total dry biomass was highest in contamld was
followed by mild stressSevere watestress significantly decreased total dry biomass across the
genotypes (Tablg.6). The grain yield was significantly reduced in severe water stress than mild

stress and control (Tab%e6).

5.3.3 Bioenergy traits

Significant differences were observed amahe genotypes for brix, juice yield, sugar yield,
glucose, fructose and sucrose contents. Water stress treatments significantly differed all
bioenergy traits excegirix, glucose and fructose content. The interactions between genotype

and treatment weraso significant for all bioenergy traits except brix (Tehi8.
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Among the genotypes, Wray recorded highest brix but statistically similar with Tracy (Table
5.8). The juice yield was significantly highest in Tracy followed by Wray (Tab8. Sracy
produced highest sugar yield and had higher glucose and fructose contents (Bble 5
Genotypes Smith and Awanlek recorded lowest sugar yield (Ta8Je Sucrose content was
highest in Wray but was statistically similar with Tracy whereas the lowest sweassabserved
in Smith (Table 3).

The fully irrigated plants had the highest juice yieldd sugar yieldand the lowest was
observed under severe stress (T&x3 The sucrose content was found to be similar under fully
irrigated control and mild stres®iowever, significantly increased under severe water stress
(Table5.9).

The interaction effects indicated that the juice and sugar yields varied across the genotypes
when they were subjected to water stress &§). Under mild stress, Tracy showediaorease
in the juice yield and had the lowest reduction in sugar yield when compared to control. The
highest reduction in juice yield and sugar yield was observed in genotypes Smith and Wray,
respectively (Fig5.3). Under severe water stress, the lowestuction of juice and sugar yield
was observed in Awanlek and Wray, respectively (Bi§). Whereas, Smith had the highest
reduction in juice and sugar yield respectively. Tracy showed 35.2% and 42.9% reduction in
juice and sugar yield respectively (F&3).

Wray and Smith showed greater reduction in glucose content under mild and severe stress
respectively compared to control (Figd4a) However, genotypes Tracy and Awanlek showed an
increase in glucose content by 4.7% and 75.9%, respectively undewatér stress (Fich.4a).

Severe water stress caused a decrease in glucose content of Wray and Traea)(Fig.
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Similar trend was also observed for fructose content for all the genotype$.4big.Under
mild stress, genotype Wray had the greatestadese by 53.1%, followed by Smith with 32.4%
reduction. Genotypes Tracy and Awanlek again increased by 4.7 and 80.4%, respectively (Fig.
5.4b). Severe water stress showed that Smith had highest reduction at 91.9% in fructose content.
Genotypes Wray and d@cy showed 27.6 and 14.1% reductions, respectively $4hb). Under
mild water stress, genotypes Smith and Tracy showed reduction in sucrose content as compared
to control, whereas Wray and Awanlek had 77.2 and 31.7% increase respectively4g}ig. 5
Genotypes Tracy, Awanlek and Wray increased their sucrose content under severe water stress.

However, genotype Smith showed reduction in sucrose under severe water stresédFig. 5

5.4 Discussion

Water stress in sweet sorghum can cause significant reducti biomass production
including sugar and grain yield. Stage sensitivity studies for understanding the effect of water
stress on sweet sorghum revealed that a temporary water stress had severe impact in the water
use efficiency at early stage sweetgbmm (Mastrorilli et al., 1999) however, a perennial stress
had significant impact at the late stage (Tingting et al., 2010). In this study, water stress at early
grain filling (milky) stage in sweet sorghum had significant effect on growth, physiolpgical
biochemical and yield traits. In sweet sorghum, juice yield is a function of both stem juiciness
(total stem water content/stem fresh weight) and stem fresh weight. In the present study, Tracy
recorded higher juice yield and brix value and was foundat@ lthe higher stem fresh weight
also. The increased stem fresh weight in Tracy might be due to higher stem tissue water content,
plant height and average stem diameter as suggested by Murray et al. (2008). The sugar yield
was also significantly higher iilne same genotype. Even though, Wray had similar brix as that of

Tracy, the sugar yield was low as a result of lower juice yield. Pfeiffer et al. (2010) reported that

123



greater juice yield and higher sugar content were observed from highest performing sweet
sorghum hybrids than pureline varieties. Similar differences in plant height, brix, stem fresh
weight, sugar and juice yield traits among the U.S. sweet sorghum collections were reported
earlier by Murray et al. (2008; 2009). Grain yield was also incre@segenotype Tracy.
Simultaneous increases of both sugar and grain yield in Tracy indicated that this genotype was
able to recover from water stress during early grain filling stage. Thepdyabse nature of this
genotype could be utilized for bioenergyoduction even under changing environmental
conditions. Glucose, fructose and sucrose contents in juice varied significantly among the
genotypes. Similar type of genetic difference in sugar accumulation in sweet sorghum lines was
reported by Erdei et a2009).

Stem fresh weight, total dry weight, brix, juice, sugar and grain yield varied significantly
among different water stress levels. The control and mild water stress had similar brix and juice
yield, however, sugar yield was increased in control uecrease in stem fresh weight. A
similar trend was also observed in grain yield. Under severe water stress, sugar yield and grain
yield were drastically decreased when compared to mild stress and control. This was due to
decreased photosyntierate, somatal conductancand transpiration rate. water stress affects
mainly the photochemical events by affecting photosystem 2 (PS2) both by degradation of D1
and D2 proteins in the PS2 reaction centre leading to lowered electron transport (He et al., 1995).
Many experiments revealed that a decrease in stomataluctance correspond decrease in
photosynthetic rate (Tenhunen et al., 1987; Nilsen and Orcutt, 1996; Chaves and Oliviera, 2004).
The stomatal closure and @@eficit in the chloroplasts were alfte main causes of decreased

photosynthesis under mild and moderate stresses (Flexas and Medrano, 2002).
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In this study, the decrease in photosynthetic rate was ascribed uctioadin stomatal
conductance,PS Il photochemistry Hv/Fm), chlorophyll contentand increase in leaf
temperature. In spite of little difference in the leaf temperature of control and water stressed
plants, differences in SPAD anBv/Fm among genotypes were apparent. Water stress
significantly decreaseév/Fm in all four genotypes anday be due to photoinhibition that
resulted in separation of light harvesting complex Il from the PS Il core complex and blockage of
the PS Il reaction center, which inhibits electron flow fro ©@ QB (Maxwell and Johnson,

2000). Silva et al. (2007) hadso reported reduction #Av/Fmin sugarcane under water stress
conditions. Chlorophyll SPAD also decreased significantly in all the genotypes under different
water stress levels. The results are in agreement with Silva et al. (2007), who described a
significant decrease of leaf chlorophyll caused by water stress in eight sugarcane genotypes.
Decreased or unchanged chlorophyll content during water stress has been reported in shrub
species, depending on the duration and severity of water stress (Kpgoatreslsj 1995). Loss of
chlorophyll is also attributed to membrane dam@geer Fv/Fm) (Ristic et al., 2007).

Glucose and fructose levels in juice did not change significantly over the three different
water stress levels. However, sucrose content inedeasder severe stress condition. This may
be due to the conversion of reducing sugars interadaocing sugars resulting in higher content
of sucrose. Terzi et al. (2009) reported increased sucrose in the stem juice could be attributed to
t he pl atmsushesancg duoing severe water stress periods. A positive association between
water stress and sucrose accumulation was also reported in sugarcane genotypeBa(ininean
and Smith, 2005). Further, there is also possibility for increased sucrosetcatmems a result

of decreased water content in the stem as reflected by reduced juice yield.
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The interaction effect revealed that Tracy recorded higher juice yield under all water stress
levels. This is due to the increased transpiration rate, stos@tdlictance and photosynthetic
rate associated with this genotype irrespective of the water stress levels5.@yigThe
photosynthetic rate at early grain filling is very critical in maintaining sugar concentration in the
stem. While all the genotypesdwer photosynthetic rates, genotype Tracy had maintained a
higher photosynthetic rate that resulted in higher sugar yield to meet the sugar demand by the
stem at grain filling stage under water stress condition.

The increased sugar yield in the genotyfpacy across the three different stress levels was
due to higher juice yield and/or brix value (F&g3). Increased sugar yield is the outcome of
higher stomatal conductance which in turn led to higher photosynthetic rate. The juice brix is
also generayl an indirect measure of G@ssimilation. It is generally regarded that decrease in
photosynthesis under water stress conditions could be attributed either to a decrease in stomatal
conductance and/or to nstomatal limitations (Cornic and Massacci, 1p96he relatively
higher stomatal conductance of the tolerant genotypes results from mechanisms maintaining a
higher leaf water status and hence more open stomata. As a consequenceglu@wards
chloroplast may be longer, thus allowing greater phuotibetic rates under water stress
conditions (Kumar, 2005). This was made possible in Tracy with the higher level of stomatal
conductance (Ficgh.2).

Even though glucose and fructose levels were similar in severe water stress between Wray
and Tracy, the suwose content was highest in Wray. This result was in agreement with the
finding of Zinselmeier et al. (1995), who showed that water stress decreased activities of both
vacuolar and cell walbound acid invertases during maize kernel development withlgdaral

reductions in ovary growth and concentration of hexoses.
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Genotype Tracy maintained higher value of SPAD BwiFrm compared to other genotypes
under different water stress levels which was reflected in photosynthetic rate. Similarly, stomatal
conductane was highest in Tracy under different water stress levels resulting in higher
photosynthetic rate. Moriana et al. (2002) observed a close correlation between stomatal
conductance and photosynthetic rate in Olive leaves exposed to water stress. One of the
important influences on sugar production is brix, juice yield and leaf net photosynthetic rate. We
found that the genotype Tracy had higher brix, juice yield and leaf net photosynthetic rate
compared to other genotypes under different water stress Ié&ela. result, Tracy can be
cultivated under water stress environment for higher sugar yield to achieve sustainable bioenergy

production.

5.5 Conclusions

Our results showed significant differences among the genotypes for all growth, physiology
and bioenergyraits. Overall, across all genotypes severe water stress significantly decreased
brix, juice yield, sugar yield, sucrose content, total dry biomass and grain yield. Genotype Tracy
produced significantly highest juice and sugar yields under both irrigaiddwater stress
conditions compared to genotypes Wray, Awanlek and Smith. The water stress tolerance of
Tracy could be ascertained from the present study, based on significant increase in net
photosynthetic rate, stomatal conductance, transpirationndtagercellular C@ concentration.

The relatively higher chlorophyll SPAD coupled with smaller decreadevfBm activity and
leaf temperature also supported the tolerant nature of the genotype Thecydegree of
accumulation of sugars (glucose, fruetaand sucrose) varied among genotypes, and genotype

Tracy accumulated relatively greater amounts of sugars in the juice than other genotypes.
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5.6 Tables and Figures
Figure 51 Effect ofdifferentwaterstress levelsn (a) cthlorophyll content (SPAD{b) leaf

temperature angt) Fv/Fmof four sweet sorghum genotypes
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Figure 52 Effect of different water stress levelson (a) photosynthetic rat€b) stomatal

conductance anft) transpiration ratef four sweet sorghum genotypes
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Figure 53 Effect of different water stress level®n (a) juice yield andb) sugar yieldof four

sweet sorghum genotypes. The \aatibar denotes +SE of means (h=3
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Figure 54 Effect of different water stress levelon (a) glucog (b) fructose andc) sucrose
contents in the juicef four sweet sorghum genotypes. The vertical bar denotes +SE of means

(n=3).
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Table 51 Significance and P values of the effects of genotypes (G), water stress levels (T) and their interaction (G x T) on

physiological traits in different sweet sorghum genotypes

Chlorophyli Leaf Fv/iFm Net Stomatal Transpiration
_ ' . (SPAD) temperature photosynthesis conductance rate
Physiological traits °c )
(°C) (umol COm'?  (mmolHO  (mmol H,O
g m % § m % 3
Genotype (G) <0.0001 <0.001 <0.01 <0.001 <0.0001 <0.0001
Treatment (T) <0.0001 <0.001 <0.00a <0.0001 <0.0001 <0.0001
G*T <0.05 <0.05 <0.05 <0.01 <0.01 <0.05
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Table 52 Effect of various sweet sorghum genotypes on physiological.traits

Genotypes

Physiological traits

Awanlek Smith Tracy Wray LSD
Chlorophyll 41.7° 39.¢ 49.4 43.3 1.9
(SPAD)
Leaftemperature (°T 29.7 30.8 28.% 28.9 0.7
Fv/Fm 0.740 0.739 0.762 0.765 0.01
Net photosynthetic rate 317 26.0° 37.0° 32.0 1.3
(umol CO, m'2 s%
Stomatakonductance 0.170 0.157 0.248 0.168 0.009
(mmol O m % §
Transpiration rate 3.2 2.9 3.9 3.6* 0.3

(mmol H,O m % §

Means within the same row with different letter are significantly differeR&@t05. Each data is
the average of four independent measurementaabf genotype recorded on dayio, 15, and

20.
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Table 53 Effects of various water stress levels on physiological traits of sweet sorghum

genotypes
Water stress levels
Physiological traits Control 70% ot capacity 30% pot capacity
LSD
(fully irrigated) (mild stress) (severe stress)
Chlorophyll (SPAD) 46.6" 433 40.7 1.7
Leaftemperature (°C) 27.1 30.7 31.0 0.6
Fv/Fm 0.768 0.758 0.729 0.01
Net photosynthetic rate
o 40.G' 31.8 23.3 1.2
(umol CO, m'2 §'%
Stomatal conductance
o 0.248 0.177 0.130 0.008
(mmol O m % §
Transpiration rate
4.25 3.30° 2.66 0.27

(mmol H,O m %8 §

Means within the same row with different letter are significantly differeR&@t05. Each data is
the average of four independeneasurements of each genotype recorded ob,ddy 15, and

20.
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Table 54 Significance and P values of the effects of genotypes (G), water stress levels (T) and

their interaction (G x T) on growth and yield traits infeliént sweet sorghum genotypes

Growth and yield traits Genotype (G)  Treatment (T) GxT
Plantheight (cm plarit) <0.001 NS NS
Leaf area (crhplant?) <0.001 NS NS
Number ofleaves plant <0.001 NS NS
Averagestemdiameter{mm plant') NS NS NS
Stem freshweight @ plant?) <0.01 <0.01 NS
Total dry biomass § plant®) <0.01 <0.01 NS
Grainyield (g plant?) NS <0.01 NS

NS= Nonsignificant
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Table 55 Effect of various sweet sorghum genotypes on growth andl tyaats

Genotypes

Growth and yield traits

Awanlek Smith Tracy Wray LSD
Plantheight (cm plarit) 134.4 131.3 185.8 152.F 11.6
Leaf area (crhplant?) 3526.8 2261.4 3020.7  3316.8° 428.9
Number ofleaves plarit 12.8 9.6° 10.6’ 11.7 0.8
Averagestemdiameter(mm plant') 8.6" 8.7 10.8" 9.0% 2.0
Stemfreshweight @ plant?) 165.0° 116.0 200.6' 191.6 15.0
Total dry biomass ¢ plant®) 392.0¢ 283.0 340.0 297.0 42.0
Grainyield (g plant?) 29.6 27.8 33.0° 27.8 35

Means withinthe same row with different letter are significantly differer<@.05.
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Table 56 Effects of various water stress levels on growth and yield traits of sweet sorghum

genotypes

Water stress ieels

0, i 0,
Growth and yield traits Control 70% pot capacity  30% pot LSD

(fully (mild stress) capacity
irrigated) (severe stress
Plantheight (cm plarit) 154.7 152.7 149.9 NS
Leaf area (crhplant?) 3076.8 2814.8 3055.8 NS
Number ofleaves plarit 11.58 11.02 10.3 0.7
Averagestemdiameter{mm plant') 9.0/ 9.9 8.8 NS
Stemfreshweight (@ plant’) 212.0 171.0 120.0 15.0
Total dry biomass § plant®) 412.6' 305.0 267.6 36.0
Grainyield (g plant?) 40.¢4 28.9 19.4 3.0

Means within the same row with differeettier are significantly different &<0.05.NST Non-

significant
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Table 57 Significance and P values of the effects of genotypes (G), water stress levels (T) and

their interaction (G x T) on bioenergy traits in differemweet sorghum genotypes

Bioenergy traits Genotype (G) Treatment (T) GxT
Brix (%) <0.01 NS NS

Juice yield (ml plant) <0.00a <0.00a <0.01
Sugar yield (ml plart) <0.00a <0.00a <0.05
Glucoseg(%, w/v) <0.001 NS <0.05
Fructosg(%, w/v) <0.001 NS <0.05
Sucros€%, wiv) <0.001 <0.01 <0.01

NS= Nonsignificant

138



Table 58 Effect of various sweet sorghum genotypes on bioenergy.traits

Genotypes

Bioenergytraits

Awanlek Smith Tracy Wray LSD
Brix (%) 15.3 14.0° 17.9 19.17° 2.25
Juiceyield (ml plantt) 58.2 32.3 81.8 63.6° 5.51
Sugaryield (ml plant?) 8.8% 447 14.36 12.16 1.45
Glucose(%, wiv) 7.5¢ 2.42 8.41° 7.37° 2.0
Fructosg(%, wiv) 7.2¢8 2.24 8.2¢ 7.2 2.0
Sucrosg%, w/v) 7.58 4.72° 8.6218 9.75 1.59

Means within the same row with different letter are significantly differeR&@at05.
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Table 59 Effects of various water stress levels on bioenergy traits of sweet sorghum genotypes

Water stress levels

Bioenergytraits Control 70% pot 30% pot LSD
(fully capacity capacity
irrigated) (mild stress) (severe stress
Brix (%) 15.7 16.8 17.4 1.95
Juiceyield (ml plant?) 76.1 60.0° 47.3 4.77
Sugaryield (ml plant?) 12.7 10.0° 8.3 1.26
Glucose(%, w/v) 6.97 6.57 5.75 NS
Fructosg(%, w/v) 6.83 6.34 5.58 NS
Sucrosg%, wiv) 6.51° 7.20 10.2 1.3

Means within the same row with different letter are significantly differeR&@t05.NST Non-

significant
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Chapter 6 - Effect of drought, high temperature, and their
combination during early grain filling (Milk) stage on growth,

physiology and yield of sweet sorghum

6.0 Abstract

Studies on the effect of drouglivater stres) and increase in air temperature (high
temperature stress) have independently been conducted extensively. At the individual level, these
stresses have diverse effects on various crops. Sweet sorghum, an important bioenergy crop, is
mostly grown under rafed conditions. Although sweet sorghum is a relatively more drought
and high temperature tolerant compared to other cereals, its physiology, growth and development
is not clearly understood by occurrences of drought and high temperature stress indigpendent
and combined during earlyrain filling (milk) stage. This study was conducted to quantify the
effects of drought, high temperature (38/28+3°C, day/night)), and their combinations on growth,
physiology and yield of sweet sorghum genotypes. Four swegisn genotypesiz. Awanlek,

Tracy, Wray and Smith were grown in greenhouse with uniform watering at 32/22°C day/night
prior to the stress treatment. Thereafter, each genotype was subjected to four treatments (T
control: fully irrigated/optimum tempeare; T, . drought stress: no irrigation/optimum
temperature; 7- high temperature stress: fully irrigated/high temperature andcdmbination

of drought and high temperature, no irrigation/high temperature stress). Treatment was imposed
on 10 day aftecomplete anthesis and was continued for 16 daygsiological traits such as
chlorophyll (SPAD), chlorophyll a fluorescencg(Fv/Fm), leaf temperature and gas exchange
measurements, were recorded at 4 d interval. At grain matdaitg, onplant height, éaf area,

stem diameterfresh anddry weights of stem, leaves apanicles, and graiwere measured.

Bioenergy traits includerix, juiceandsugar yield were measurethe total and reducing sugars
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were also estimated from the extracted juice samples. r€bults indicated that significant
differences were observed for growth and yield traits, physiological traits ancdocing and

total sugar content in juice for genotypes and treatments. The interaction of genotype and
treatment showed significancerfmost of growth and yield traits except for number of leaves
and internodes, leaf and panicle fresh weight and stem dry weight. All physiological and
bioenergytraits were significantly influenced by genotype and treatment combination. Among
the genotypge Tracy recorded significantly higher juice and sugar yield under all stress
treatments. The combined drought and high temperature stresses were more deleterious in
reducing most of théioenergytraits than either stress alone. The more reduction in ance

sugar yield caused by combined stresses may be due tavadability of water and high air

temperature which significantly impairs photosynthetic rate and sugar accumulation in the stem.
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6.1 Introduction

Sweet sorghumsprghum bicoloi.) has beemrown in various parts of the world mostly for
use as either grain or forage under varying environmental conditions. Global energy needs have
driven sweet sorghum as a popular energy plant throughout the world (Barbanti et al., 2006;
Vasilakoglou et al.2010). Sweet sorghum provides efficient biofuel production from stem juice,
grain and whole plant biomass. Sweet sorghum genotypes are superior when compared to other
bioenergy crops in terms of higher green biomass, amount of fermentable sugars, fiermentat
efficiency and percentage of juice brix (Steduto et al., 1997; Rooney et al., 2007). The stem juice
is a main source for bioethanol production due to greater quantity of fermentable sugars (Woods,
2001; Akbulut and Ozcan, 2008). Sweet sorghum, m&abolic plant, is generally grown under
rainfed conditions, which are characterized by low water levels and high temperature.

Drought and high temperature, often occur simultaneously, are important environmental
factors restricting plant physiological preses and thereby plant growth (Shah and Paulsen,
2003). Global climate change for instance contains to brimgva reality of environmental
effects,presumably increases in global temperature, uneven precipitation, and severe drought in
arid and semarid areas,on crop productivity(Wigley and Raper2001; Chaves et al2003).

Most studies thus far havecused on crop response to drought and high temperature singly, and
few studies have focused on combination of these two stresses. For exdnoyigt ad high
temperature caused detrimental effects on wh&atigum aestivumL.), sorghum, barley
(Hordeum vulgarel.) and various grasses (Savin and Nicolas, 1996; Machado and Paulsen,
2001; Shah and Paulsen, 2003; Xu and Zhou, 2006). However, studiesadfeth of these two

environmental stresses either singly or in combination is scarce in sweet sorghum.
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Droughtstresscaused significant impact on various sugar yielding crops affecting their yield
potentialities. In sugarcan&gccharum officinarurh.), cane yield was decreased by 29.2% and
18.1% respectively in severe and moderate drought stress conditions and led to morphological
changes such as reduced leaf area, thicker leaves, less responsive stomata and increased ratio of
roots to shoots (Hussainh &., 2004). Drought experiments on sugar bBetd vulgarisL.) have
shown adverse effects on leaf photosynthetic activities and sucrose yields in mature plants
(Monti et al., 2006)Drought stress resulted in reduced root dry weight, leaf water padtant
photochemical efficiency in many grass species (Aronson et al., 1987; Carrow, 1996; Perdomo et
al., 1996; Huang et al., 1998a).

High temperatures have negative effects on most crops in various @elyaffert and
Gourley 1982). Most crops grow wedlt optimum temperatures which mainly correspond with
the optimum photosynthesis levels. High temperatures affect photosynthetic processes (Al
Khatib and Paulsen, 1984) with increased sensitivity of pagétem (PS) Il Xu and Zhou,
2006).High temperatwr stress causes thylakoid membrane damage and further down regulates
PS Il photochemistry which led to increased proportion of closed PS Il reaction centers (Grove et
al.,, 1986). In addition, leaf chlorophyll degradation is highly correlated with highetetupe
(Prasad et al., 2009). High temperature stress also causes leaf temperature to rise above air
temperature by decreasing transpirational cooling and thus, make the plant more susceptible to
photoinhibition (Falk et al., 1996).

Recent studies reveal¢hat plant response to a combination of drought and high temperature
is uniquely differently from the effect of individual stress conditions (Rizhsky et al., 2004).
While drought remains the single known environmental factor that directly affects yiaiets

status, the severity of drought and high temperature combination is enormously dependant on the
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prevailing temperatures. Ludlow et al. (1990) reported that combined stresses of drought and
high temperature significantly reduced grain yield in sorghimnaddition, combined effects of
drought and high temperature strongly affected water relations of both wheat and sorghum
(Machado and Paulsen, 2001). As the combined effect of these two stresses are distinct in reality
to independent stress effects ither crops, theelationship between drought, high temperature

and their combinations against sugar accumulation in sweet sorghum needs thorough
understanding.

In sweet sorghum, the most important traits for biofuel production are plant height, stem
diameer, stem fresh weight, juice yield, brix and stem sugar contents (Murray et al., 2008;
Pfeiffer et al., 2010) and are determined by the efficient physiological behavior of the plant
under different environmental conditions. Previous studies showed tmathamht is highly
correlated to juice yield and stem fresh weight (Murray et al., 2008). There is also a significant
linear correlation between brix and total sugar content of the juice (Audilakshmi et al., 2010).
However, optimal growing conditions emstbetter plant growth without affecting physiological
functions to produce sustainable juice and sugar yield in sweet sorghum (Vasilakoglou et al.,
2010).

Sweet sorghum varieties differ in their ability to produce and store sugar in stem (Ali et al.,
2008. Mostly, sugar accumulation in stems takes place during inflorescence development
(McBee and Miller, 1982) and is accelerated after post anthesis (Prasad et al., 2007; Almodares
et al., 2008c). Environmental factors such as temperature and water |lgvgigatly determine
juice quality and amount. Even though sorghum can withstand moderate high temperatures and
drought, occurrence of either drought or high temperature or their combination during early grain

filling (milk) stage were not thoroughly studidor their effects on growth, physiology and yield.
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It is important to understand these effects to predict bioenergy components and selection of
genotypes suitable for cultivation under varying stress environments.

The objectives of this research were(ijoquantify effects of treatments on juice and sugar
yield characteristics and (ii) quantify genotypic difference for juice and sugar Yyield

characteristics under various stress treatments.

6.2 Materials and Methods
6.2.1Crop husbandry

This experiment vas conducted undgreenhouseontrolled conditionsat the Kansas
State University Department of Agronomy, Manhattan, KS during 2@089. Four sweet
sorghum genotypes namely Awanlek, Smith, Tracy and Wragre grown in 18_ pots
containingMetro-Mix 200 (Hummert International, Topeka, KS, UpBAs soil mediumThe pots
were fully soaked with water and left for 1 d to drain and tiendeeds per pot were sown at a
5-cm depth. After emergencéwo-leaf stage) a systemic insecticide (Marathon®1% G;
Imidacloprid, 1-[(6-chloro-3-pyridinyl) methyl}N-nitro-2-imidazolidiniming was applied to
each pot at 4 g per pot. Seedlings were thinned to two per pot afterTh® soil medium as
fertilized with slowreleasefertilizer (Osmocote®, Hummert Internationalpfieka, KS, USA,
14:14:14% N: P: K, respectively) at 5 g per pot before sowing. The plants were grown at a
temperature regime of 32/22 +3°C day/night, 12 h photoperiod and photosynthetic photon flux
density of 8001400 umol m ?s *provided from natural solar radiation and supplemental
fluorescent lightsThe relative humidity in the greenhousas set aB0%. Air temperature,
relative humidity, and light level were continuously monitored am®® intervals throughout the

duration of experiment with HOBO data loggers (&nSomputers, Bourne, MA, USA).
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6.2.2Treatment application

All plants were grown under fully irrigated conditions (watered daily) from sowing to 10 d
after complete anthesis (milking). Thereafter, each geeotyas subjected to four treatments
(control: fully irrigated/optimum temperature; drought stress: no irrigation/optimum temperature;
high temperature stress: fully irrigated/high temperature 38/28°C and the combination of drought
and high temperature, niorigation/high temperature stress 38/28°C). Plants were randomly
given for the stress treatments. The plants were held in a separate greargmaliion forhigh
temperaturestressand combination of drought and high temperatuvbereas the other two
treatments ¢ontrol and drought stréswere given in another controlled greenhouse conditions.
Temperature treatments were maintained at 38/28°C but varied +3°C durimgddy and
+2.5°C during 1zh night until completion of stress period. Relative humiditiyged from 40%
to 60% under high temperature condition. The drought treatment was imposed by withholding
irrigation continuously throughout the stress period. The duration of stress treatments was 16 d
and then plants were brought to normal growth caovtit The plants were then rewateredilu

final harvest at maturity.

6.2.30bservations recorded

6.2.3.1Physiological traits
Oneuniform plant in each pot was tagged for recording physiologdieats. Measurements

were taken on the tagged plants frdme flag leaf.After the start ofvarious stressreatments,
data on physiological traitsle@f dlorophyll content (SPAD), Spectrum Technologies,
Plainfield, IL, USA); chlorophylla fluorescence(Fv/Fm, which indicates photochemical
efficiency) (Pulsemoduated fluorometer OS0p, OptiScience, Hudson, NH, USA); canopy leaf

temperature (FLIR ThermaCAM BCAMNMfraredthermal imagingcameraJanesville, WIUSA)

152



and gas exchandgits (LI-COR 6400 portable photosynthesis system, Lincoln, BE&A) were

measurd. Measurements were taken fil@d on4 d intervals.

6.2.3.2Growth and yield traits
At maturity, plant growth and yield traits were recorded on each plant in each treatment

of all replications. Plant height was measured from base of the stem to é¢hgppanicle and

was expressed in cm. Stem diameter was measured from the three regions of the stem"{bottom 3
internode, middle Binternode, and the tog"dnternode) using vernier caliper after stripping the
leaves and removal of leaf sheaths. rage stem diameter was computed from the mean of the
three regions. Number of leaves and internodes on the stem were counted. Leaf area was
measured by leaf area meter (Model3100, LiCor, Inc. Lincoln, NE, USA).

Stalks were strippedf leavesand toppd. The fresh weight ofthe panicle, leaf, and steof
eachplant were recorded. From thistal fresh biomass comprised of panicles, leaves and stem
was calculated. The fresh leaf, panicle and crushed stem wergwedrat 60C for 7 d and dry
weights vere recorded individually. The total dry biomass was calculated from the oven dried

samples. The panicles weledshed to obtain grain yields.

6.2.3.3Bioenergy traits

The juice from a single plant was extracted bynator operated three roller sugarcane
crusher(Sukra sugarcane crusher, Coimbatore, Tamil Nadu, Indilz extracted juice was
weighedfor calculating juice yield. Thertkx was recorded on the extracted juice using digital
handheld refractometelDigital handheld pocketefractometeiPAL-1, Atago, Bellevue, WA
USA). Sugar yield was calculated as the product of ¥ and juice yield.The juice samples
were then kept frozen for carbohydrgf®educing and Total sugarghnalysis.The method

described byalnaco et al(1995) was employed testimatereducing and totadugars and it was
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expressed as percentage. Neducing sugar was obtained from the differences of total and

reducing sugars and expressed as percentage.

6.2.4Data analyss

The experiment was conducted in a factorial comjylandomized design (4x4). There
were two factors in this experiment. Factor 1 is genotype and has four levels. Factor 2 is stress
treatments with four levels. The experiment consisted of 16 treatments. Each treatment was
replicated thrice. Three pots weeused for each replicatiofhe data were subjected to the
analysis of variance for each trait using the general linear model of the statistical software by
statistical analysis software 9.1 (SAS, 2003). Differences among treatment means were

compared byeast significant differences (LSD) at 5% level of probability.

6.3 Results

6.3.1Physiological traits

There was a significant effect of genotype on all physiological traits leaf chlorophyll
content (SPAD), leaf temperatur&v/Fm, net photosynthesis, ashatal conductance and
transpiration rate except intercellular £€@oncentration (Ci). Treatments showed significant
effect for all physiological traits, while the interaction effects revealed significant effects for
most of the physiological traits excepitand transpiration rate (Tabbel).

Among the genotypes, Tracy recorded significantly highest chlorogloyitentand was
followed by Wray (Tables.2). Leaf temperature was significantly higher in Smith and Tracy
(Table 6.2). Fv/Fm was significantly hgher in Tracy, Wray and Awanlek (Tab&2). Net
photosynthetic rate was significantlighestin Tracy, whereas significantly lowest was recorded

in Smith (Table6.2). Stomatal conductance was similar in Tracy and Wray but was significantly
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greater than Wanlek and Smith (Tablé.2). Transpiration ratevassignificantly higher inWray
andTracy(Table 6.2).

Among various treatments,ralght stresscombinedwith high temperature significantly
decreasedleaf chlorophyll and Fv/Fm and increased leaf tempernsu(Table 6.3). Net
photosynthetic rate was significantly lower in combination of drought and high temperature,
followed by drought stress (Tab&3). Stomatal conductance was significantly decreased in
combination treatment (Tab&3). Ci was significatly increased under combinatiah drought
and high temperaturéollowed by drought stress (Tablé.3). The transpiration rate was
significantly lowest in drought and high temperature combination followed by drought stress
(Table6.3).

The interaction effets revealedyenotypeTracy recorded lowest reduction of chlorophyll
contentunder combination of drought and high temperature, drought and high temperature by
10.6, 7.7 and 3.0%, respectively when compared to control (Fig. 6.1). Drought stress increased
leaf temperaturby 15.9, 14.4, 16.5 and 15.0% in genotypes Awanlek, Smith, Tracy, and Wray
respectively. Whereas, high temperature stress slightly decreased leaf temperature of Awanlek,
Smith, Tracy and Wray by 10.0, 12.4, 13.4 and 14.1%, respectively.intheasein leaf
temperature was highest in Smith in response to combination of drought and high temperature
(Fig. 6.2a). Drought streseducedrv/Fmin Awanlek, Smith, Tracy and Wray by 8.3, 11.3, 7.7
and 8.3% respectivelywhereas, drought combined Wwithigh temperature stress drastically
reducedFv/Fm in all genotypeswith the lowest reduction in Tracy (Fig. 6.2b). Stomatal
conductance was greatly decreased in Awanlek, Smith and Wray, by 44.8, 51.7, and 55.1%,
respectively when compared to control, l&hTracy (3.4%) showed the lowest reduction (Fig.

6.2c).
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High temperature stress did not affect photosyntheatieof Tracy as compared to control,
but decreased in Smith, Awanlek and Wray by 13.7, 9.2 and 4.6% respectively (Fig. 6.2d).
Drought stress deeasedhotosynthetic rate iBmith, Awanlek, Wray, and Tracy genotypes by
52.4, 445, 44.5 and 38.7% respectively. Whereas, combination of drought and high temperature
greatly decreasephotosynthetic rate ismith, Wray, Awanlek and Tracy by 64.3, 5345,.2,

and 43.9% respectively as compared to control (Fig. 6.2d).

6.3.2Growth and yield traits

Genotypes and treatments significantly influenced all the growth and yield traits, while
interaction effects were significant only for plant height, leaf aaearage stem diameter, stem
fresh weight, total fresh biomass, leaf dry weight, panicle dry weight, total dry biomass and grain
yield (Table 64).

Among the genotypes, Tracy showed significantly maximum plant height (Table
Genotype Wray recorded sifjcantly highest leaf area, number of leayes plantand number
of internodes (Tablé.5). Average stem diameter was significantly higher in Wray, followed by
Tracy (Table6.5). Leaf fresh weight was significantly higher in Tracy, followed by Wray [@ab
6.5. Among the genotypes, Tracy recorded significantly highest stem fresh weight and total
fresh biomass (Tablé.5). Wray was found to record significantly highgstnicle freshweight,
leaf dry weight, panicle dry weight, total dry biomass and gyiid (Table 6.5). Howeveistem
dry weight was significantly higher in Wray and Tracy when compared to other genotypes
(Table6.5).

Among the treatments, combination of drought and high temperature significantly decreased
plant height, leaf area, panicleesh weight, total fresh biomaskeaf dry weight, panicle dry

weight, total dry biomass and grain yield (Tabl€). Also, combination of drought and high
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temperature significantly decreased number of leaves, number of internodes, average stem
diameterJeaf fresh weight, stem fresh weight and stem dry weight and was followed by drought
stress alonéTable 6.6).

Interaction effects revealecdombination ofdrought and high temperatucausedhighest
reduction in average stem diameterganotypeWray (23.%6), whereas Smith recorded the
lowest reduction (6.5%) when compared to their control (€i8g). Droughtstressdecrease
average stem diametéy 22.3% in Wray comparedith control (Fig.6.3a). Tracy showed
lowest reduction in stem fresh weight (45%) exposure to combination of drougintd high

temperature (Fig 6.3b).

6.3.3Bioenergy traits

Significant differences were observed among the genotypes for brix, juice yield, sugar yield,
total sugars and nemeducing sugacontents(Table6.7). Treatmentshowed highly significant
effects on all bioengy traits, whereas interaction effects were found significant for all
bioenergy traits except brix (Talbde?).

GenotypeTracy recorded highest brix and was similar with Awanlek and Wray (Ta8je
Whereaslowest brix was recorded in Smith (Tal8e8). Significantly highest juice and sugar
yield was recorded in Tracy, whiggenotypeSmith recorded significantly lowest juice and sugar
yield (Table 6.8). GenotypeWray had significantly highest amount of toglgars and was
followed by Tracy and Awanlek, while the lowest was observed in Smith (6af)leAmount of
reducing sugars was higher in Wray than other genotypes. Significantlyshayheunt of non
reducing sugawas observed in Tracy and Wray (Tabl8).

The lowest brix was observed in genotypes exposed to combination of drought and high

temperature and drougtdtressalone (Table ®). The combination of drought and high
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temperature significantly decreased juice yield, sugar yield, total sugarsjngedugas and
nonreducing sugar contenf§able 69).

The interaction effects showed combination odugjht and high temperature had decreased
juice yield by 70.3, 69.5, 68.1 and 49.1% in genotypes Smith, Awanlek, Wray and Tracy,
respectively, as compad to control (Fig. 6.3c). In the case of drought stress, a decrease in juice
yield by 55.5, 51.1, 45.1 and 39.8% was observed in Wray, Awanlek, Smith and Tracy,
respectively, as compared to control (Fig. 6.8¢)ereas, high temperature caused a reduation
juice yield by 26.3, 21.5, 18.3 and 18.2% in Tracy, Awanlek, Wray and Smith, respectively (Fig.
6.3c).

Compared to control sugar yield was greatly decreased by 85.5, 82.3, 81.5 and 79.2% in
genotypesSmith, Wray, Awanlek and Tracyespectively when e&posed to combination of
drought and high temperature (F&g3d). Drought stress had decreased sugar yield by 72.7, 71.3,
70.2 and 68.5% in Wray, Awanlek, Smith and Traegpectively, while high temperatusgess
decreased sugar yield in Smith, Awanl@dkacy and Wray by 30.6, 28.1, 27.5 and 22.4
respectively (Fig6.3d).

Drought stress decreased reducing sugars in genotypes Wray, Awanlek, Tracy and Smith by
71.9, 64.6, 38.6 and 37.5%, respectively, which was greater than the reductions under high
temperature, which decreased by 53.3, 43.2, 41.7 and@®@%H Awanlek, Smith, Wray and
Tracy, respectively, as compared to control (Fig. 6.4a). Under combination of drought and high
temperature stress, reducing sugar content of Awanlek, Wray, Smith andwesegduced by
83.4, 79.1, 78.8 and 57.9%, respectively, compared with control (Fig. 6.4a).

Combination of drought and high temperature reduced total sugars by 76.0, 74.8, 6%8, 60.0

in genotypes Wray, Smith, Awanlek and Tracy, respectively, as commacedtrol (Fig. 6.4b).
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Whereas, genotypes Wray, Awanlek, Tracy and Smith exposed to drought stress decreased total
sugars by 60.0, 50.0, 41.4 and 35,5espectively (Fig. 6.4b). High temperature decreased total
sugars in genotypes Wray, Awanlek, Smith @nacy by 34.9 32.1, 29.4 and 27.3%, respectively

compared with control (Fig. 6.4b).

6.4 Discussion

Our study demonstrates that sweet sorghum at early grain filling (milk) stage is sensitive to
drought, high temperature and their combinatiasseflectedy significant changes in growth,
physiology and yield attributes of different sweet sorghum genotypes. In sweet sorghum, juice
and sugar yield are the most important traits for achieving higher biofuel production. We found
that drought and high temperagutombination caused severe reduction in juice and sugar yield.
Genotype Tracy outperformed all other genotypes in terms of juice and sugar yield under
different stress treatments indicating its tolerance capacity (Fig. 6.3c and Fig. 6.3d). This has
indicated that Tracy possesses unique physiological and growth attributes to mitigate the impact
of various stress condition to produce sustainable yield. This genotype showed maximum plant
height and it appears that tallness of the plant favored productioreafeg amount of total
biomass, as was reflected by accumulation of greater fresh biomass in the same genotype. Earlier
studies involving sorghum cultivars also brought out a significant role of plant height in
contributing to total dry matter (Valdes aMiller, 1982). Leaf area reflects the source size of
photosynthetic system, which is also associated with leaf number and genotype Wray followed
by Tracy recorded highest number of leaves and the largest leaf area. Greater leaf area provided
higher assimdtory surface. Similarly, Tracy produced the highest amount of stem fresh weight
and is therefore a significant factor in contributing higher juice and sugar yield. Genotype Wray,

a better performer for most of the growth and vyield traits as that of Themy;,ded the highest
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grain yield, total dry biomass, stemeaf, and panicledry weight but yielded low sugar. The
lower sugar yield in Wray was because of more grain production rather than sugar production.
Thus, it is inferred that Tracy had the pdiaihto increase stem fresh weight and therefore,
increased sugar accumulation in stem whereas Wray mobilized carbohydrates from leaf and stem
to grain. The high sugar yielding performance of Tracy was due to its greater physiological
functions related t¢éeaf chlorophyll SPADFv/Fm, stomatal conductance and net photosynthetic
rate under normal and different stress conditions (Fig. 6.1, Fig. 6.2b, Fig 6.2c and Fig. 6.2d).
Genetic differences for growth attributes, juice and sugar yield were reported eadigeet
sorghum (Blummel et al., 2009; Bhoyar and Thakare, 2009), but under normal growing
conditions. Our study showed genotypes behaved distinctly under different environmental
stresses for sugar yield and selection of suitable genotypes with inbapaitilities of stress
tolerance coupled with high sugar yield would pave way for developing an effective sweet
sorghum breeding program for arid and samni regions.

Sweet sorghum is known to tolerate moderate environmental stresses including dnought a
high temperature through morphological, physiological and biochemical adjustments. Stress at
reproductive growth stage had direct influence on growth, photosynthesis, dry matter
accumulation and yield on sugarcane and sorghum (Ramesh, 2000; HemapedhtzDe4; Su
et al., 2007; Prasad et al., 2008; Prasad et al., 2009). The present results demonstrate that drought
combined with high temperature greatly exacerbates the independent effect of drought and high
temperature. High temperature, on the otiend, showed minimal adverse effects on growth,
physiology and yield traits than drought stress alone.

The reduction in sugar yield in all stress treatments might be due to decreased chlorophyll

content, net photosynthetic rate, stomatal conductance @rtl ghotochemistry and increased
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leaf temperature (Table 6.3). Drought and high temperature caused a marked decrease in
chlorophyll content an&v/Fmand is in agreement with earlier studies (Shah and Paulsen, 2003;
Wang and Huang, 2004Ristic et al., P0O7; Balla et al., 20Q6Su et al., 2007). It was evident
that photosynthetic rate was reduced under drought (Loreto et al., 1995; Shah and Paulsen,
2003), high temperature (Prasad et al., 2009), and combination of drought and high temperature
(Shah and Rdsen, 2003) in sorghum and wheat. Combination of drought and high temperature
decreased photosynthetic rate to a maximum extent compared to other stresses, and is in
agreement with previous study in Kentucky blue graBsa(pratensid..) (Wang and Huang,
2004). It might be due to phetohibition of PS Il Weis and Berry, 1988and/or rapid leaf
desiccation and permanent damage to PS Il machinary (Jiang and Huang, 2000). Drought stress
completely damaged the photosynthetic rate as evidenced by fawan Similar trends were
demonstrated in wheat Balla et al. (2006)In addition, reduced photosynthetic rate was also
due to reduced chlorophyll content under stress Decreasing concentration of chlorophyll due to
increases in chloroplast degradation wasibatted for the limitation of photosynthesis under
moderate or severe drought conditions (Xiao et al., 2006). High temperature, on the other hand,
did not noticeably change photosynthetic rate as compared to control. The capacity of
photosynthetic process an outcome through acclimation of high temperature rather than
drought stress alone (Brigg et al., 1986; Nobel et al., 1978; Smolander and Lappi, 1984).
Moreover, the increase in leaf tissue temperature under stress treatments has resulted in higher
water loss which might have resulted in reduced stem juice yield.

Drought stress had decreased sugar yield and grain yield compared to high temperature
stress. Results from Miller and Ottman (2010) indicated that applying drought stress did not

increase sugaconcentration in sweet sorghum. Drought had decreased leaf area, photosynthetic

161



rate and stomatal conductance (Paulsen, 1994) and inhibited sucrose accumulation in stem and
also deteriorated juice quality (Ishaq and Olaoye, 2009).

The interaction effectevealed that Tracy recorded higher juice and sugar yield under all
stress levels (Fig. 6.3c and Fig. 6.3d). This might be due to increased chlorophyll BPAD,
stomatal conductance, Ci and photosynthetic rate associated with this genotype undsr variou
stress treatments (Fig. 6.1, Fig. 6.2b, Fig. 6.2c and Fig. 6.2d). The increases in stomatal
conductance along with photosynthetic rate indicated that the sugars formed during
photosynthesis were acted as an osmoticum in the stem and not in the |dahachresulted in
higher juice yield and transpiration. This physiological adaptation in Tracy therefore, might help
in maintaining higher photosynthetic rate even under independent and combined stresses.

It is generally regarded that decrease in photb®gi under drought, high temperature and
combined stress conditions could be attributed either to a decrease in stomatal conductance
and/or to norstomatal limitations (Ort et al.,, 1994; Shangguan et al., 1999). The relatively
higher stomatal conductancé the tolerant genotypes results from mechanisms maintaining a
higher leaf water status and hence more open stomata. As a consequenceglu@wards
chloroplast may be longer, thus allowing greater photosynthetic rates under drought, high

temperatur@and combined stress conditions (Hassan, 2006).

6.5 Conclusions

The effect of various stress treatments (high temperature, drought and combination of
drought and high temperature) imposed for 16 d from the 10 d after complete anthesis were
studied on the rgwth, physiology and yield components of four sweet sorghum genotypes.
Genotype Tracy was found to exhibit tolerance towards combination of drought and high

temperature stress, and also individual stresses by maintaining higher net photosynthetic rate,
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chlorophyll SPAD andFv/Fm compared to other genotypes. The increased photosynthetic rate
has resulted in higher accumulation of sugars in juice, which is due to higher brix and juice yield.
Among the various stresses, combination of drought and high temmgevaas found to decrease
sugar and juice yield compared to drought and high temperature alone. Between individual stress
effects, drought stress had higher decrease in sugar yield compared to high temperature.
Significant differences were found among stvesorghum genotypes with regards to their
tolerance capacity to different abiotic stresses, which allows better selection for use of bioenergy

production.
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6.6 Tables and Figures
Figure 61 Effect of drought, lgh temperature and its combinationleaf dhlorophyll content

(SPAD ) of four sweet sorghum genotypes
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Figure 62 Effect of drought, high temperature and its combinatiofepfeaf temperaturéo)

Fv/Fm(c) stomatal conductancand(d) photosynthetic ratef four sweet sorghum genotypes
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Figure 63 Effect of drought, high temperature and its combinatiofepstem dameter(b) stem

fresh weighf(c) juice yieldand(d) sugar yield of four sweet sorghum genotypes. The vertical bar

denotes +SE of means (n=12)
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Figure 64 Effect of drought, high temperature and its combinatiofedreducing sugar content

and(b) total sugr contenof four sweet sorghum genotypes. The vertical bar denotes +SE of

means (n=12)
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Table 61 Significance and P values of the effects of genotypes (G), treatments (T) and their interaction (@hy§)adbogical traits

in different sweet sorghum genotypes

Chlorophyll Leaf Fv/Fm Net Stomatal Intercellular Trangiration
temperature photosynthesis conductance CO, rate
o . (SPAD)
Physiological traits °c ncentration
(°C) (umol CG, (mmol KO conce (mmol HO
m'2 g m % ) (Ci) (ppm) m % )
Genotype (G) <0.001 <0.01 <0.001 <0.001 <0.001 NS <0.001
Treatment (T) <0.001 <0.001 <0.001 <0.001 <0.001 <0.05 <0.001
Day (D) <0.001 <0.001 <0.001 <0.001 <0.001 NS <0.001
G*T <0.001 <0.05 <0.05 <0.001 <0.05 NS NS
G*D NS <0.05 NS <0.001 NS NS <0.05
™D NS <0.01 <0.001 <0.001 NS <0.05 NS
G*T*D NS <0.001 NS <0.05 NS <0.05 NS

NS= Nonsignificant
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Table 62 Effect of various sweet sorghum genotypes on physiological.traits

Genotypes

Physiological tras

Awanlek Smith Tracy Wray LSD
Chlorophyll(SPAD) 43.¢° 40.5' 49.7 45.9 0.9
Leaftemperature (°C) 35.8 36.3 35.94 35.6° 0.46
Fv/Fm 0.724 0.702 0.734 0.724 0.01
Net photosynthetic rate 310 26.1° 36.9" 33.9 0.83
(umol CO, m'2 sY
Stomatakonductance 0.186 0.160 0.23F 0.216' 0.01
(mmol O nf % §
Intercellular CQ 81.9 87.1* 98.7 89.3° 14.5
concentration (Ci) (ppm)
Transpiration rate 53 4.1° 5.82 6.2 0.6

(mmol H,O m % §

Means within the same row with diffent letter are significantly different B0.05. Each data is
the average of four independent measurements of each genotype recorded on day 4, 8, 12, and

16.
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Table 63 Effect of various treatments on physiological traitswéet sorghum genotypes

Genotypes

Physiological traits Control Drought High Drought + High  LSD

temperature temperature

Chlorophyll (SPAD) 48.3 42.5 46.8 41.0 0.9
Leaftemperature (°C) 32.d 37.1 35.9 38.3 0.46
Fv/Fm 0.767  0.699 0.732 0.651 0.01
Net photosynthetic rate 43.0° 23.7 40.3 20.¢' 0.83

(umol CO, m'2 sY
Stomatalkconductance 0.27¢  0.156 0.240 0.12¢ 0.01

(mmol O M % §

Intercellular CQ concentration 77.0° 26.8" 81.7 101.F 14.5
(Ci) (ppm)
Transpiration rate 6.8 4.0° 6.9 3.7 0.6

(mmolH0 ml % §

Means within the same row with different letter are significantly differeRk@t05. Each data is
the average of four independent measurements of each genotype recorded on day 4, 8, 12, and

16.
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Table 64 Significance and P values of the effects of genotypes (G), treatments (T) and their

interaction (G x T) on growth and yield traits in different sweet sorghum genotypes

Growth and yield traits Genotype (G) Treatment (T) GxT
Plant heigh(cm plant) <0.001 <0.001 <0.01
Leaf area (crhplant?) <0.001 <0.001 <0.05
Number of leaves plant <0.001 <0.001 NS
Number of internodes planht <0.01 <0.05 NS
Average stendiameter(mm plant®) <0.001 <0.001 <0.01
Leaf fresh weight (g plai) <0.01 <0.001 NS
Stem fresh weight (g plant <0.001 <0.001 <0.01
Panicle fresh weight (g plaht <0.001 <0.001 NS
Total fresh biomass (g plaht <0.001 <0.001 <0.01
Leaf dry weight (g plart) <0.001 <0.05 <0.01
Stem dry weight (g plai) <0.001 <0.001 NS
Panicle dry weight (g plari} <0.001 <0.001 <0.05
Total dry biomass (g plar} <0.001 <0.001 <0.05
Grain yield (g plarit) <0.001 <0.001 <0.001

NS= Non-significant
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Table 65 Effect of various sweet sorghum geéyyes on growth and yield traits

Genotypes

Growth and yield traits

Awanlek Smith Tracy Wray LSD
Plant height (cm plai) 284.0 286.0 299.¢ 256.0 6.7
Leaf area (crhplant?) 1849.0 1834.0 2330.09 3522.6 241.1
Number of leaves plant 9.7 9.6° 10.2 11.0° 0.64
Number of internodes plaht 10.1° 10.0° 10.8° 11.58" 0.72
Average stendiameter{mm plant) 12.9 13.17° 14.0° 14.7 0.76
Leaf fresh weight (g plar} 54.6° 50.6 67.4 64.42 8.4
Stem fresh weight (g planx 349.7 255.5 383.9 349.7 30.5
Panicle fresh weight (g plaft 32.3 31.7 28.3 48.6" 5.7
Total fresh biomass (g plaht 427.6 312.F 479.F 435.4 35.4
Leaf dry weight (g plart) 41.4 41.3 45.3 54.8 3.7
Stem dry weight (g plai) 109.7 92.0 111.2 117.7 8.6
Panicle dry weight (g plany 26.9 27.8 24.1° 39.3 4.3
Total dry biomass (g plan} 177.8 161.2 180.7 211.9 10.5
Grain yield (g plarit) 10.7 11.4 11.2 22.9 1.7

Means within the same row with different letter are significantly differeR&a.05.
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Table 66 Effect of various treatments on growth and yield traits of sweet sorghum genotypes

Genotypes
Growth and yield traits Control  Drought High Drought + High ~ LSD
temperature temperature
Plant height (cm plaft) 300.0  277.0 286.0 262.0 6.7
Leaf area (crhplant®) 3320.6 1866.6 2850.09 1501.0 241.1
Number of leaves plant 11.0° 9.7 10.4 9.1° 0.64
Number of internodes plaht 11.72 10.4 10.66' 10.0° 0.72
Average stendiametefmmplant')  15.C° 12.9° 14.6" 12.3 0.76
Leaf fresh weight (g plar} 73.7 49.1° 60.2 46.0° 7.8
Stem fresh weight (g planx 4748  287.0 349.9 274.8 30.5
Panicle fresh weight (g plaft 43.6' 33.0° 38.8 25.0F 5.7
Total fresh biomass (g plaht 592.2  340.6 449.0° 273.1 35.4
Leaf dry weight (g plart) 49.3 46.8? 458 41.6 3.7
Stem dry weight (g plai) 134.8 95.6 109.6 90.1° 8.6
Panicle dry weight (g plany 37.F 28.4 3.1 21.5 4.3
Total dry biomass (g plan} 221.2  170.6 186.3 153.3 10.5
Grain yield (g plarit) 18.58 13.7 15.6’ 8.3 1.7

Means within the same row with different letter are significantly differef<@t05 NS= Non

significant
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Table 67 Significance and P values of the effects of genegy(s), treatments (T) and their

interaction (G x T) on bioenergy traits in different sweet sorghum genotypes

Bioenergy traits Genotype (G) Treatment (T) GxT
Brix (%) <0.001 <0.001 NS
Juice yield (ml plant) <0.001 <0.001 <0.01
Sugar yield (ml plarit) <0.001 <0.001 <0.001
Total sugars (%, w/v) <0.001 <0.001 <0.001
Reducing sugars (%, w/v) NS <0.001 <0.001
Non-reducing sugars (%, w/v) <0.001 <0.001 <0.001

NS= Nonsignificant
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Table 68 Effect of various sweet sorghugenotypes on bioenergy traits

Genotypes

Bioenergytraits

Awanlek  Smith Tracy Wray LSD
Brix (%) 16.9" 14.8’ 17.7° 16.8" 1.2
Juiceyield (ml plant®) 113.4 77.6 163.6' 125.8 10.6
Sugaryield (ml plant®) 21.C6 12.6' 29.7 23.3 2.2
Total sugars%, w/v) 12.9 10.6 13.92 14.6 1.0
Reducing sugars (%, wiv) 6.6 6.2 6.1° 7.2 0.8
Non-reducing sugars (%, wiv) 6.2 4.3 7.7 7.3 0.7

Means within the same row with different letter are significantly differentP<.05
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Table 69 Effect of various treatments on bioenergy traits of sweet sorghum genotypes

Genotypes

Bioenergytraits Control  Drought High Drought + High LSD

temperature  temperature

Brix (%) 21.3 12.6 19.6’ 11.7 1.2
Juiceyield (ml plant®) 179.3 93.7° 140.4 66.8' 10.6
Sugaryield (ml plant®) 38.58" 12.1° 27.9 8.¢f 2.2
Total sugars (%, w/v) 20.6' 10.7 14.2 6.5 1.0
Reducing sugars (%, w/v) 11.6" 5.1° 6.7 2.¢ 0.8
Non-reducing sugars (%, wiv)  9.0% 5.5 7.8 3.7 0.7

Means within the sameow with different letter are significantly different B0.05 NS= Non

significant
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General Summary

The objectives of this study were to (@Jantify genetic variability for plant height, stem
fresh weight, brix, juice yield and sugar yield in sweet sorghum germplasdto identify
potential droughtdlerant sweesorghum genotypes, (2) determine the optimum hatiwastfor
obtainingmaximum juice yield, (3pbtain information on the various growth and physiological
traitsinfluencing sugar yielaf various sweet sorghum genotypé$) quantify effects of water
stress on brix, juice and sugar yield, and (5) quantify effects of drought, high temperature and its
combination on juice and sugar yield characteristics.

The study found that there was wide genetic variability among the sweet sorghum
germplasm for planteight, stem diameter, stem fresh weiCbtjx, juice yield and sugar yield.
There were significant positive correlation between sugar yield and growth (plant height and
stem weight), physiological (photochemical efficiency) and-drergy traits (juice igld).

Growth and physiological traits were not affected by the-feashcondition; however, there were
significant decreases on traits such°hsx, stem fresh weight, juice yield and sugar vyield.
Among the 78 genotypes, Wray, MN 4564 and Caxa had highgar yield. Genotypes
Sanyagie, MN 818 and Dale_1 had lowelative sugar yield reductiolREYR) indicating their
drought tolerant potential with sustainable sugar yield.

In an effort to identify optimum stage of harvest, the study found tatektingplants at
hard dough stage gave the highest brix, total sugars, reducing sugars aadunimg sugars in
stem juice. The highest level of sugar and juice in stem was obtained from plants harvested from
milky stage to hard dough stad#ence the optimumharvest time for maximum juice and sugar

yields for the sweet sorghum variety M81E is between milk and hard dough stage.
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To understand the morpiphysiological factors for sugar yield, the study obserkiegh
sugar yielders possesséugher green leaf nunbers, tall plant statue, high average stem
diameter higherFv/Fm and higher stem biomass accumulation, and low grain yield. Whereas,
the low sugar yielders had more assimilates in gr@inthe thirty sweet sorghum genotypes,
genotypes, Wray, Honey N6, Isidomba, MN 4135 and No. 5 Gambela were identified as the
high sugar yielderdn addition, principal component analysis (PCA) establisfimilar groups
of genotypes, according to their sugar yielding characteristics, as wekrafied stem fresh
weight a major traicontributing forsugar yield

The water stress experiment found significant differences among the genotypes for all
growth, physiology and bioenergy traits. Overall, across all genotypes severe water stress
significantly decreased brijyice yield, sugar yield, sucrose content, total dry biomass and grain
yield. Genotype Tracy produced significantly highest juice and sugar yields under both irrigated
and water stress conditions compared to genotypes Wray, Awanlek and Smith. Theresger st
tolerance of Tracy could be ascertained based on significant increase in chlorophyll SPAD, net
photosynthetic rate, stomatal conductance, and transpiration rate. Also, genotype Tracy
accumulated relatively greater amounts of sugars (glucose, frastdsicrose) in the juice than
other genotypes.

The effect of various stress treatments (high temperature, drought and combination of
drought and high temperature) revealed genotype Tracy was found to exhibit tolerance towards
combination of drought and ¢gith temperature stress, and also individual stresses by maintaining
higher net photosynthetic rate, chlorophyll SPAD &wéF-m compared to other genotypes. The
increased photosynthetic rate has resulted in higher accumulation of sugars in juice, whech is du

to higher brix and juice yield. Among the various stresses, combination of drought and high
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temperature was found to decrease sugar and juice yield compared to drought and high
temperature alone. Between individual stress effects, drought stress haddaglease in sugar

yield compared to high temperature. Significant differences were found among sweet sorghum
genotypes with regards to their tolerance capacity to different abiotic stresses, which allows

better selection for use of bioenergy production.
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Future Directions

1. We found wide genetic variability amon@8 sweet sorghuncultivars for plant
height, stem diameter, stem fresh weight, brix, juice yield and sugar Mietkver,
it is based on two years and in one location data. ¢éjetitee study has to be
conducted in multi locations, to confirm the genetic variability and identification of

diverse parental lines.

2. Harvesting plants at hard dough stdgeve resultedn highest brix, total sugars,
reducing sugars and neaducing suga. However, ethanol was not quantified in the
present study, to optimize the stage of harvest ethanol yield is important. Hence, the
above study has to be repeated in rAokation site with ethanol quantification to

confirm the present result.

3. Identification of morphephysiological tras for high sugar yield was done for one
year; the trag have to be validated in multi locations along with ethanol
guantification. In the present stuthere were sommedium sugar yieldsy in future

high sugar yieldeand low sugar yielder alone should be used for validating the trait

4. The drought study was conducted in pot culture experiment; however it has to be
verified in field conditions. The juice content was not extracted using press mill in the
present studyin future; press mill has to be used. Ethanol has to be quantified for

understanding the drought stress effect.
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5. The abiotic stress (drought, high temperature and combination) study was conducted
in pot culture experiment; however it has to be verifiefigld conditions. Ethanol

has to be quantified for understanding the effexitdrought, high temperature and

combination of both.
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