GENETICANALYSIS OF INTERVANAL CHLOROSIS AND REDUCED SEEDLING
VIGOR AS RELATED TOAGRONOMIC PERFORMANE IN SORGHUM RESISTAT
TO ALS INHIBITOR HERBICIDES

by

W. W. R. W. M.DILOOSHI K. WEERASO®IYA

B.S. (Hons), University of Peradeniya, Sri Lanka, 2008
M.S., University of Peradeniya, Sri Lanka, 2010

AN ABSTRACT OF A DISSERTATION

Submitted in partial fulfilment of the requirements for the degree

DOCTOR OFPHILOSOPHY

Department of Agronomy
College of Agriculture

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2016



Abstract

The lack of effectivgpostemergence weed control optidea®ften highlighted as one of the major
factors behind dwindling acreage undgerghum $orghum bicolo(L.) Moench)in the United

States The discovery of herbicide resistance sources in wild sorghum population and subsequent
efforts to incorporate #minto cultivated sorghum was received wittuchoptimism to change

weed management practices in sorghum. As the development of the technology advances,
especially of thé\cetolactate synthas@AlS) resistance, concerns over the temponatgrveinal
chlorosisand reduced seedling vigor in some of the resistant families became heightened. This
thesis researcis designed to shed light on the genetic basis of seedling chlorosis and assess its
impacts on yield potential.

The study has three partbgtfirstpart isfocused on identifying the genetic causes and
plant mechanisms associated wiitie chloroticphenotype. ALS herbicide resistant sidiees
expressing normal and chlorotic phenotypes were analyzed via $&f§dencing at four time
points during sedling growth. The studydentified several variantsf genes coding chloroplast
precursors anthose that auseepigenetic modificationOnce confirmegdgenetic markers can be
developed to track these gemariantsin the breeding population angliminae segregates
genetically prone to chlorosis/yellowing.

The second part of the study focuses on assessing the effect of ALS resistance associated
chlorosis on agronomic and nutritional parameters of sorghum inbred lises OAALS resistant
lines expresag different levels of the chlorotic phenotype were evaluateeglicated field trials
and laboratory methodResults showed that interveinal chlorosis defywering butdoesnot
have negative effect on yield and nutritional parametéhsand witlout herbicide treatment. The

lastpartaddresseswhether there is any yield drag that may be associated with herbicide resistance



traits and foliar interveinal chlorosig-or this, we synthesized a larget (182) othybrids from

ALS resistant, ACCase rasant and regulgsusceptibleseed and pollinator parents. The hybrids

were then evaluated in three sets at multiple locations during the 2014 and 2015 crop seasons along
with commercial checks. The results revealed that resistance to both herbio¢sdose any

drag to grain yield. The traits also do not have any negative impact on grain and nutritional quality

of resistant hybrids.



GENETICANALYSIS OF INTERVANAL CHLOROSIS AND REDUCED SEEDLING
VIGOR AS RELATED TOAGRONOMIC PERFORMANE IN SORGHUM RESISTANT
TO ALS INHIBITOR HERBICIDES

by

W. W. R. W. M. DILOGSHI K. WEERASOORIYA

B.S. (Hons), University of Peradeniya, Sri Lanka, 2008
M.S., University of Peradeniya, Sri Lanka, 2010

A DISSERTATION

Submitted in partial fulfillment of theequirements for the degree

DOCTOR OF PHILOSOPHY

Department of Agronomy
College of Agriculture

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2016

Approved by:

Major Professor
Dr. Tesfaye T. Tesso



Copyright

W. W. R. W. M. DILOGSHI K. WEERASOORIYA

2016



Abstract

The lack of effectivgpostemergence weed control optiae®ften highlighted as one of the major
factors behind dwindling acreage underghum $orghum bicolo(L.) Moench)in the United

States The discovery of herbicideesistance sources in wild sorghum population and subsequent
efforts to incorporate them into cultivated sorghum was receivedmitthoptimism to change

weed management practices in sorghum. As the development of the technology advances,
especially of thé\cetolactate synthas@AlS) resistance, concerns over the temponatgrveinal
chlorosisand reduced seedling vigor in some of the resistant families became heightened. This
thesis research is designed to shed light on the genetic basis of seedlingiclaod assess its
impacts on yield potential.

The study has three parts; the first part is focused on identifying the genetic causes and
plant mechanisms associated with the chlorotic phenotype. ALS herbicide resistaiinsister
expressing normal anchlorotic phenotypes were analyzed via RB&quencing at four time
points during seedling growth. The studentified several variantsf genes coding chloroplast
precursors anthose that causspigenetic modificationOnce confirmegdgenetic markers can be
developed to track these gemariantsin the breeding population angliminae segregates
genetically prone to chlorosis/yellowing.

The second part of the study focuses on assessing the effect of ALS resistance associated
chlorosison agronomic and nutritional parameters of sorghum inbred lines. A set of ALS resistant
lines expressing different levels of the chlorotic phenotype were evaluated in replicated field trials
and laboratory methods. Results showed that interveinal cldatekys flowering but does not
have negative effect on yield and nutritional parametéhsand without herbicide treatmeitihe

last part addresswhether there is any yield drag that may be associated with herbicide resistance



traits and foliar inteveinal chlorosisFor this, we synthesized a larget (182) othybrids from

ALS resistant, ACCase resistant and regular (susceptible) seed and pollinator parents. The hybrids
were then evaluated in three sets at multiple locations during the 2014 ara@®4&asons along

with commercial checks. The results revealed that resistance to both herbicides do not cause any
drag to grain yield. The traits also do not have any negative impact on grain and nL¢yitadita

of resistant hybrids.
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Gener al l ntroducti on

Sorghum $orghum bicolo(L.) Moench ranks fifth among the major cereal crops grown
in the world.Because of its unique adaptation to low input marginal growing condisorghium
remanstheprimary source of energy, protein, vitamins and minerals for millions of impoverished
people in the worldUnger and Baumhardt, 1999; Khalil et al., 2015). It also remains the second
most important feed source and biofuel feedstock in the develepdd. Sorghuns distinct
biology that allows the crop to conserve water whiikk producing high grain and biomass yields
on marginal lansshave made it an ideal crop for the dry and arid regions in the {ardet al.,
2002) Thus, as compared to ethmajor crops such as maizea mayy wheat and ricéOryza
sativg), sorghum stands out as a very promising cereal crop that could survive a range of stressful
environmental conditions. These uniguaracteristics of the crop magerghum one of the most
viable food grains that is capable of reliable production where other cro®éamitly, 1995)
Thus, sorghum plays a significant role in meeting @vereasing demand for food and feed for
millions of the mostvulnerableand foodinsecure people worldwide.

Enhancing the competiveness of sorghum and realization of its potential a8 temty
food and feed grain will require bridging key gaps that kept the productivity and utilization of the
crop at bare minimum for the past half century. Among the many such gaps is the lack of effective
postemergence weed control options for thggcit@ommercial sorghum production in the United
States met several setbacks in the past decades both from the dwindling acreages and the difficulty
in crop managemergrimarily attributable to poor postmergence grass weed control. While
recent advancemenin sorghum has proven potential for deployment of the resistance based weed
control techologies(Tesso et al., 2011, Kershner et al., 200&) important concerns that draw

attention of sorghum farmers as well as the industries are the possible emtssqf the yellow



seedling phenotype that is observed in many of the Acetolactate synthase (ALS) inhibitor herbicide
resistant lines and thpotentialyield penaltydue to linked deleterious genes dragfyech the wild
herbicide resistance gene donorisl$tudy is aimed at addressing these prominent concerns of the
sorghum growers and research community. The stndgmpassegarious disciplines including
plant breeding and genetics, molecular biology, bioinformatics, and weed science to determine the
cause and biological impacts of seedling chlorosis on sorghum and the possible yield compromise
that may be caused as a result of deployment of the herbicide resistance trait.

This thesis is organized in to three parts. The first part which follows a titoreview of
the state of sorghum production in the U.S. and the world thedmajor gaps undermining
sorghum productiwvit is focused on determining the genetic causes and mechanisms behind the
interveinal chlorosis and associated reduced seedling Wgbistobserved in many ALS herbicide
resistant sorghums. Here various techniques and analytical approaches including RNA
sequencing, gene ontology and metabolic pathway analysis and gene variant discovery approaches
were usedo identify the associatedeges. The results of this experiment is discussed with an
emphasis of significantly altered genes, plant metabolic pathways and mechanisms in relation to
observed unusual seedling phenotype. The second part describes results of experiments performed
to asess the physiological and agronomic characteristics of ALS herbicide resistant lines varying
for seedling interveinal chlorosis with and without and herbicide treatment. The possible effects
on nutritional attributes of the resistant genotypes was alsstigated. The last part describes
the results of the study aimed at addressing the real concerns of the growers, the possible yield
penalty that may be caused by genes dragging along with the herbicide resistance gene. This part

reports on data obtainetbm evaluation of series of hybrids with homozygous or heterozygous



resistance to ALS, ACCase or both ALS and ACCase as well as normal susceptible hybrids grown
at multiple locations over two years.

These studies together provide important informatioh bmgrowers and producers alike
in choosing strategies for herbicide resistance breeding and also to provide experimental evidence

to assist farmers make sound production decisions.



Chapterl-Li t erature Review

Sorghum production in the United States

Originated in Africa thousands of years agarghumis grown as one of th@ o r Imdjdr s
cereal grains. While it is used &s0d and beverages throughout Africa and Asia, sorghum is
primarily used asnimalfeedin the United States and other partsha tworld. Theemergencef
sorghum as a widely grown cereal crop in the United Statié isulmination othree distinct
eventsover the last century, thatroductionof the cropduring the latter part of the nineteenth
century followed by cultivar immvementthrough selection and selective hybridization and the
discovery of the commerciahybrid technology (Smith and Frederiksen, 2000forghum
introduction in the United Statdsas been reported to haegeincided with western rail road
developments wherthe cropwas grown on the marginal ranch lands on which any other crop
could not be grown due to extreme hot and dry conditions. Successful performance on land areas
with such poor conditions led the dtof ranch lands to intensive farming systems directed towards
expanded feed grain productiomhe first improved sorghum cultivar in the U.S. was released in
1916 by H. Willets from KansagQuinby and Martin, 1954which was followed by the
development brelatively short cultivars with stable but low yields. The sorghum industry in the
U.S. expanded dur demeippmeit ef mécBabifed agricuitiartd kverttubllg
gained popularity as an important cereal crop which could be grown in rotaiib wheat.
However, sor gh-poitirtated nataréemainedatbottieretk fto the development of
the hybrid systermuntil the revolutionarydiscoveryof cytoplasmic male sterilitfCMS) system
during the latter part of the twentieth centy§tephens and Holland, 1954LMS offered
enormous opportunity to plant breeders to exploit hetenbigh ledto yield increases as much

as three times as that of an open pollinated cultivar. Thus sorghum acquired a considerable



commercial interestluring he decades that followed the discovenfCMS leadingto increased
private investment on researcd@ed production and distributioincreased cropields achieved
following the deployment of the hybrid system and other improved management practices led to
increase imcreagesnd thusto surplus production that opened up export opportunities for the
sorghum grower8y1 96 00s 95% of the total sorghum prod
(Smith et al., 1999)The rapid acceptance of the hybrids by theagng community and further
improvement in crop resistance/tolerance to various stress condiéoashe key ingredients for
increased production and the unprecedented increas@ export market However, with
development of technologies in othdisciplines it became easier to grow other crops in areas
where sorghum was once the only viable crop. This disproportionate investment and undue
preference for alternative cropsduced sorghum acreageentually leading to the dwindling of
acreage grown to theop. In the last three decagssrghum acreage has reduced by about 70%.
The U.S. is the largest producer and exporter of sorghum in the global grain.rAagkesent,

the United States accounts jostabout 9% of the world's sorghum acreagécontributesabout

25% to the global grain sorghuoutputwith over half of thiscoming from the state dfansas
(Hamman et al., 2001T he crop isgrown in 14 states in the U.S. artotal of8.46million acres

with thetotal productioris valuedat $2.08 billion in 2015 (NASS, 2015.

Utilization and nutritional attributes of s orghum

Sorghum is used in various feed formulations and food applications throughout the world.
It is also the major ingredient for production of various beverages in the developing world. Because
of its versatility in utilization, adaptation to marginal condit® and its inherenhigh yield
potential sorghum is poised akey source of food and energy in thé'2&ntury. In the developed

world, sorghum grains are commonly fed to cattle, poultry and swine, while sosjhlks and
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leavesremain important souecof feed in developing countries providing a vital feed alternative
during dry seasorthe importance of the crop is growing beyond these traditional uses that it has
become the second major feedstock for ethanol production in the UnitedaBthtdsewhre The

crop also has gained wide recognitesygluten free anshonGM food alternativéor millions of
people living in various parts of the worloh terms of mitrient contentsorghumis generally
comparable to many other cereals sucmarzeand what (FAO, 1972)while it is believed to be
richer in several essential nutrients including iron and zinc, vitamin B2L and niacin
(Parthasarathy Rao and Basavaraj, 20Ib#e are tremendous opportunities for improving the
nutrient content of sorghum both for animal and human food including its protein content while
the availability of sorghum proteins continue to present significant challenge that needs more
research emphas(Singh and Axtell, 1973)Moreover, sorghum is also praisé enormous
health benefitg offers primarily due to thenique phytochemicals that it carri@sits bran layer
including tannins, phenolic acids, anthocyanins, phytosterols and policosEmedgechemicals

have been shown teduce the risk of certain cancers and promote cardiovascular (feaika

and Rooney, 2004)

Weed infestation as a key constraint to sorghum production

Like many other crops, sorghum suffers from various producimstraints in different
parts of the world. Among the many factors affecting sorghum production, especially in
mechanized agriculture, is infestation by grass weeds. No effective weed control options are
available forcontrolling post energencegrassweels in sorghum. Whil@,4-D has been used to
manage post emergence broad leaved weeds, grass weeds remained dibatibtansorghum

fields. While Conceplll ™ treatment of sorghum seeds allowed the use ofeprergence



herbicides which is criticalor controlling early emerging weeddjet slow growinghabit of
sorghum seedlings have mata weak competitor tpost emergenceeeds, thus, eveamild
weed infestation during early growth stage can have marked impagtelds (Peng, 2012)
Therefore earlyseasorweedmanagement is the most critical management stegufaressful
sorghum productiorExperimental evidences show that a simqgtaveed plantAmaranthuspp.)
per three feet of rowf left uncontrolled until sorghum reaches the tHesd stagecanreduce
yields by 10%(Smith and Scott, 2010)Though not specifically recommended for sorghum,
broadleaf weeds in sorghum fields could be managed by several different chemicals used for other
crops. The biggest challenge for sorghum, however, is on management and control of post
emergence grass weedBhe abundance oWwild and weedy relatives of sorghum such as
JohnsongrassSprghum halepensf..) Pers) and ShattercaneS¢rghum bicolor which both
morphologically and physiologically mimic sorghufarther complicate effostto manage grass
weeds The presence of theseeedsobviously have imposed restrictions iwentification and
utilization of newover the topherbicides for sorghum. Heavy infestation of grass weedsg
early weeks of germination have reported to accountijoro 20% yield reductio(Smith and
Scott, 2010) Though lateemergingweedshave less effect on yieldhey impact harvesting
efficiency, reduceharvesableyieldsand may further increase the wessgbd bankn the soil

While the problem with weed infestation is not unique to sorghum, the develdpmen
deployment of glyphosate resistance has made this problem a history in crops that benefited from
the technology. Today the most problematic weeds in glyphosate resisips are glyphosate
resistant volunteers from previous seaswp or glyphosat resistant weeds that seem to be on
the rise in several stat@Shahal and Jhala, 2013)hile this technology obviously resolveeed

managemenissues for crops sucés maize soybean, sunflower, cotton, etc., it had negative
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effecs on sorghum production and seriously undermined its competitiveness. Sorghum acreages
continuously dropped over the last two decades with majority of lost acres picked up by glyphosate
resistantmaize The better weed control option that glyphosate resistaize offers and the
existing farm policy that favonsiaizeover sorghum seem to be the major incentive for farmers to
switch from sorghum tonaizeeven when this does not necessarily translate to increased profit,
espea@lly under dryland productiohough, the same technologyutd be deployed for sorghum,

the agricultural community seareluctant to grow glyphosate resistant sorghum dtiectovelt
foundedfear of resistance gene escape to wild and weedy relatives. While the concern may be
valid esgcially in the absence of effective stewardship mechanisms, the move has greatly
undermined traditional sorghum growers and unfairly affected the sorghum industry not only by
enhancing the productivity of the competing crops but also by slashing acreagesofghum.

The apparently little or no investment to develop alternative technology for enhancing sorghum
may eventually lead to further reduction in acreage under the crop despite the enormous benefit it
can offer in the face of dwindling irrigation veaitresources and increasing drought and high
temperature stress that could be detrimental to the future of global agriculture. In order to remain
a viable alternative as food and feed source, sorghum needs to benefit from modern production
technologies. Arang others, effective and low cost grass weewtrol technology is needed to

curb losses incurredueto grass weed infestation and change the current seemingly unsustainable

trend of declining acreage under sorghum.

The role ofherbicides in modern ayriculture

Weeds primarilyinterfere with the quality and quantity @igricultural produceThe

presence of weeds in crop fields has besar@musssue since around 10,000 Biday, 1974)and



represents one of the major restraining factors in agriculAvery, 1997) The United States is
not exceptional to thiproblem;almost7 0 % o f t measiveveeeds argegorted tchave
found in thecountry(Zimdahl, 2013) To date, there are around 30,000 weed species identified
worldwide which account$or about 10% of all plantspecies(Kostov and Pacanoski, 2007)
Among these, around 1,800 are known to cause severe ecdonss@sand of those about 300
species interfere with cultivated crops throughout the wMfdre and Whitacre, 2004The
difficulty of practicing mechanical weed control methods in large scale production systems
major driving force thaled to the discovery of chemical weed killers or herbicides.

The first used chemical herbicide was copper sulphate to control chaBotipis
arvensi3g in oats(Cobb and Reade, 201(jistorical accounts of chemical herbicides to abet
agricultural production dates back to the enthefl9" century where weed control using organic
chemicalswhich aresubstances containing carbon and its dakiggtcommenced in 1932 with
the use of 44linitro-o-cresol (DNOC) as a weezbntrolling agent. This was followed by
phenoxyacetic acids such as 2P4and MCPA that was introduced in 194Q3ay, 1974)
However, the chemical weed control in crop productizas not widely put into use until the
availability of ureas (1951), triazines (1955) and bipyridiniums (196)m tere onwards,
agricultural production took a huge step forward in terms of production, profitability and
minimized labor use for weed dool (Van Rensen, 1989t present, in countries where intensive
and highly mechanized agriculture is practiced chemical weed killers have largely substituted
mechanical means of weed contilblis projected that the reported growth in herbicide market
worldwide between 2002 and 2011 has been 39% while the projected growth by egdécied

to befurther11% (McDougall, 2013)



Herbicides contributeo crop production in a number of ways. Primarily, they help increase
the crop yield by reducing compidn by weeds, improve crop management operations during
harvesting, reduce the risk of pest and disease outbreaks and reduce soil erosion due to reduced
tillage, this ultimately leads to reduced fuel consumption and thus reduced emiggEenbiouse
gass. For example, a rearop cultivator and eoldboardplow requires four timeand 17 times
more diesel fuel per unit areaespectivelythan a herbicide sprayer per trip across a field
(Gianessi, 2013)0On the other hand, increased use of herbicidésrmpromotes fertilizer use,
which eventually leads to yield increag®tanda, 2011)Hence, the use of herbicides has become
a crucial factor for worldwide increase in agricultural producttéerbicide use in the U.$as
contributed 20% increase maizeyields and 62% increase in soybean yields from 1964 to 1979
(Manda, 2011; Schroder et al., 1981; Schroder et al., 1884)he other handheincreasedise
of herbicides has created considerable concern for human health and envir@Pacanbski,
2007) Further research to develop new herbicide products neetigightenemphasis on
addressing concerns about increased use of the chemical on humans and environment and devise
ways of mitigating the risks.

Since the commercialization of herbicidesmid-1940s, extensive studies conducted on
herbicide research led to discovery of a variety of modes of action for selective as well as non
selective herbicide®Numerous herbicides representing each mode of aecéiva beemeveloped
and commercialized. dWwever, resistance development of weeds with the continuousfuse
herbicideswas unavoidable, thus more advanced weed control optiseeded. With the
availability of the novel biotechnological tools in early 1980s, the major breakthrough technology
came intopicture and deployed under a variety of nomenclatsweh as genetically modified

(GM), transgenic or biotech crops. Scientists in both public and private sectors embraced this
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technology as an advanced tool which would create opportunitiesd®wereased profits. So
far, there is no other technique considered equivalent to this modern biotechnological approach of
GM crops which brought about a breakthrough to weed control strategies.

The deployment o6&M cropswhich wasinitially focusedon virus resistancén tobacco
quickly expanded to insect resistance (BT crops) and glyphassgtancéo rapidly revolutionize
weed control in several crop®f all GM based technologies, glyphosate resistgnmendup
ready)technologyreceived the greast markeaind was widely deploye@ap et al., 2003)The
technologyoffered enormous advantage to the fartmeoffering simplebut very effectiveveed
control during theentire growing seasdibtein and RodrigueZerezo, 2009)Thiswasachieved
throughthe exogenous gene constructs introduagthe croghateither enalddfast degradation
of the active ingredient ithe herbicide or madéhe target site insensitive to the herbicide, thus,
rendeing it harmless tocrops carrying this constructSoybean was among the first
commercialized herbicide tolerant crop in the USA (199&)ich was followed by cotton
(Gossypiungpp.)(1997), maiz€Zea may) (1998) andilseed rap€Brassica napug1998). After
few years of its introduction, farmers worldwide picked up this technology basically owing to the
numeroudbenefits it carries. As compared to traditional weed control strategies, this technology
offers excellehbroad spectrum weed control for a wide range of grasses including, annuals to
perennial grasses, broad ledweeedsas well as invasive species. It offers a kbegn control
thus a single application may be sufficient to control wdéedentire seasomaking it far more
costeffective than any other approach. Nevertheless, the popularity and rapid adoption of this
technology is partly due to the characteristics of the active ingredient ofiRbendu
(glyphosateherbicideitself which offers a broadpectrum control of weed in a field grown with

Roundyp-ready cropstheminimal toxicity to humangjigh absorbanceith no orlittle mobility
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in the soil, low persistence ithe soil andlittle or no movement from target area by factors such
asrun-off ascompared to other herbicides in the maifkétndersoret al., 201). Thus, ground
and surface water pollution througiyphosate is limitedas it isreadily degradble by soill
microbesinto a nontoxic aminomethylphosphonic ac{AMPA) andcarbon dioxidgPeltier et
al., 185). GM crop technologylso offers easy plant establishment antprovesharvesting
efficiencies which in turn save labor aretlucefuel cost.

To date, glyphosate resistance rerm#ie most widely adopted GM crop technolagsh
90% of the all GM crops growin the worldcarryingglyphosateesistant trai{Duke and Powles,
2008) In thel6 yearssinceits introduction, the technology in 29 countries worldwidéJames,
2010) Reports indicate thagloballythe total area cukiatedto GM crops during 2013 accounted
for about 175.2 million hectares with a recorded annual growth rate .ot I38@acreage allocated
to GM crops in 2013 was higher Bymillion hectares than the previous yeal2and the great
majority of these aréocated in developed countri@s four crops soybean, maize, cotton and
canola(Brief, 2013) Of the total area planted these four crops, around 16% fall under the two
dominating GM traits that are insect resistance and herbicide tole(8ateesh, 2030 In
addition according to the USDA's National Agricultural Statistics Service, the reported land area
grown with GM crops in the USA included 94% of soybeans, 96% of cotton and 98z
(NASS, 2013) while no GM crop releases have been reported for sorghum yet. Conversely, biotech
crops have not been well receiviedseveral other parts of the world including North and South
America, owing to the consumer perceptaioutgenetic modificdon. On the other hand, there
has been a major boost in adaption of this technology by developing coantigggproximately

18 million farmersworldwide contribute to GM crop productigiBrief, 2013)
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Encouraged by widespread adoption of the techiyplsgedcompanies hae expanded
their research horizon and aseekingto developcrop varietiesinto which genes conferring
resistance to multiple neselective herbicidesre incorporatedThis initiative if successfully
deployed will bring even more fbability to farmers in choosing herbicideend will redu@
dependeneon glyphosate which is the single most important herbisidiely used byfarmers
growing Roundip-ready cropgDuke and Powles, 2008Moreover, the herbicide rotation that
will be possble through this approach will help reduce selection pressure and will markedly reduce
probability of resistance development in the weddewever, as angther technology, thinay
also carry its owmisks andwith time, a need may arise for more relabheans for preventing

multiple resistance development in weeds.

Can sorghum benefit from resistance based weed control technology?

Exploiting herbicide resistance in sorghum

Considerednorphancrop (NRC, 1996), sorghuhmas always beegitherleft out or never
received full package of technological breakthroughs that benefited other crops. Soil fertility
management, irrigation water supply, seed treatment packages, weed control practiveseetc.
used only at half rate of that nfaizeor soybea orwerenever developed for sorghum at all. As
a result of these anllepersistent neglcton its utilizationthe interest to grow sorghum has always
been low except in areas where other crops do not fit. $brghum acreage in the U.S. has
steadily eclined over the past few decades with much of the lost acreage pickedmgizey

(Smith and Frederiksen, 2000)
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One of the areas where sorghum trails behind other crops is weed control. Sorghum suffers
from weed infestation as bad as any other crop.ngeenough efforts were made by both public
and private institutions to develop post emergence weed control tools for sorghutoolBhe
currently used are primarily adapted from related crops sucha&=e and none of them are
effective against grass weés.The two majoiproblematicgrasses thatauntsorghum fields are
johnsongrassSorghumhalepenséL.) Pers) and shattercan&orghum bicolorspp.)(Hoffman
and Buhler, 2009Both weeds cause damage to other crops as well but the peculiar morphological
similarity of the weeds with sorghum makes them particularly important in sorghum fields.
Johnsongrass iscreasingly becoming thmajor weedn the southern United Stat@dcWhorter,
1989)which is also known in more than 58 countiileoughoutthe world(Holm et al., 1979)

The major morphological characteristics that make these weeds difficult to contrtieare
underground vegetize propagules rbiizome$ of johnsongrass and the dormant seeds of
shattercan@Vallory-Smith and Sanchez Olguin, 201@)has been reported théhe major driver

for the switch from sorghum toaizeis due to a bettegrassweed control option thaheRoundup
technology accorded tihe ldater (Wishart, 2004) While sorghum has never enjoyed any post
emergence weed control practices targeted to benefit the csopsayt towards Roundup
technologyis also discouragedy the industrieghat are concernedbout thepotential risk of
roundup ready volunteer sorghums becoming a weedther roundup ready crop fields
Development of new herbicides for sorghum is mainly challenged by the presence of wild weedy
relatives that closely resemble sorghboth morplologcally and physiologally. As a result,
there is not a single herbicide that can be used to control grass weeds in sorghumitfields
harming the sorghum itselfJnlike for other cropsthe development ofransgenicherbicide

resistam sorghum dichot attract much enthusiashne to the possible risk of gene flow from the
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transgenic plants to the withd weedyelatives.There is not a genetic barrier between cultivated
sorghum and its wild relatives, thus pollen mediated transgene escape figatenisorghunis
possible if the field is close enough to wild or weedy relatives. The fact that sorghum is recalcitrant
to tissuecultureand plant regeneration makes transformation more diff{@hit et al., 1998)
Though selection of the potent tissuend cultivars with better potentias easethis problem

the general public concern about transgenic sorghum left out the cropdpturing theébenefis

that modern science offers. With transgenic herbicide resistance being not an option, edforts ov
the last several years focused on identification of natural sources of resistance within sorghum and
its wild relatives to develop a ndBM but resistance based weed control option for sorghum.
Efforts to that en@nabled identifyingwo sources with sbng resistance to completely different
herbicide chemistries. One of the sources that confer resistance to adetadwcthase (ALS)
inhibitor herbicides was discovered am@sghattercane population imaaizefield in Kansas that

was treated with AL®ierbicideqTuinstra and AlKhatib, 2007) The other source that provides
resistance to Acetyl GenzymeA carboxylase (ACCase) inhibitor herbicides vadiscoveredn

Bolivia in a sudangrass population. Both resistance traits have been effeictoegfyoated into
cultivated sorghum genomand several elite seed and pollinator parental lines possessing

resistance to these herbicides have been developed and tested.

ALS inhibitor h erbicides

Acetolactate synthase (EC 2.2. Wlich isalso referred to aacetohydroxyacid synthase
(AHAYS), is the first common enzyme in the branclobéin amino acid biosynthetic pathwaly
is a thiamin diphosphate dependent protein that acts by catalyzing reactions whose initial step is

decarboxylation of pyruvate and condation of 2ketoacid molecules with pyruvate leading to
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the formation of acetolactate and acetohydroxybutynaspectively(Chipman et al., 1998;
McCourt and Duggleby, 2006J hus, it leads to the production of three mamno acidsvaline,
leucine, ad isoleucine Encoded by nuclear genes, theS enzyme contains both catalytic and
regulatory subunitgYu et al., 2010) The enzyme once synthesized in the cytosol moves to the
chloroplast where it involves in the biosynthesis of these three key amuw hatiorder to be
functional the transit peptide is cleavedce it enterghe chloroplast(Smith et al., 1999)
Molecular investigationshave looked at interactions between ALS enzyme Avhbidopsis
thaliana, enzyme cofactors and various ALS herbicideselucidated that herbicide binding site

of ALS enzyme lies deep within a channel and therefore the herbicide binds across the binding
domain that spans the channel entry blocking substrate access to the catal§lcGaert and
Duggleby, 2006)

ALS acts as the common target site for five different herbicide chemistries which involves
sulfonylurea, imidazolinone, triazolopyrimidine, pyrimidifjliobenzoates, and sulforyl
aminocarbonytriazolinonegPowles and Yu, 2010; Yu et al., 201Thus, theres also evidence
of overlapping between the binding sites for sulfonylused imidazolinone(McCourt et al.,

2005) The first commercialized sulfonylurea herbicide, chlorosulfuron came in to the market in
early 1980s followed by the introduction of thesfi imidazolinone, imazaquin which was
recommended for soybeans. The capability of the ALS inhibitor herbicides to offer a broad
spectrum control of weed species that commonly interfere with crops at very low use rates
(Kershner, 2010¢oupled with its ver low mammalian toxicit{Brown, 1990; Newhouse et al.,
1991)have triggered intensive use of ALS herbicide chemistries in many different crops over huge
land areas. Additionally, ALS herbicides demonstrate excellent crop safety over a wide range of

crop gowth stages while they do not pose a considerable risk to human health.
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Resistarce to ALS inhibitor herbicides

For nearly three decades, ALS inhibiting herbicides have been in widespread commercial
use in global agriculture. There are several reportesistance development in weeds due to the
persistent use of ALS inhibitor herbicid@sardif et al., 2006; Tranel et al., 2004; Warwick et al.,
2008) In circumstances where weeds evolved resistance, target site resistance is the most
predominant type wih occurs due to one or more specific point mutations in the ALS gene. The
resistanceconferringaminoacid substitutions give rise to structural changes in the ALS protein
leading toeffective prevention of herbicidebinding to the proteinfDuggleby et b, 2008;
McCourt and Duggleby, 2006)To date, a total of 22 mutations conserved at seven amino acid
residues have been identified to confer resistance teiAhiBitor herbicides in a number of weed
biotypes(Powles and Yu, 2010; Tranel and Wright, 2002anel et al., 2004; Yu et al., 2010)
These mutationsccurred aglanine 122 (Alal22), proline 197 (Prol197), alanine 205 (Ala205),
aspartate 376 (Asp376), tryptophan 574 (Trp574), serine 653 (Ser653), and glycine 654 (Gly654)
(Ashigh and Tardif, 200D¢elye et al., 2009; Imaizumi et al., 2008; Kolkman et al., 2004; Laplante
et al., 2009; Patzoldt et al., 2001; Patzoldt and Tranel, 2009; Powles and Yu, 2010; Sales et al.,
2008; Tranel and Wright, 2002; Warwick et al., 201&nong these, Trp574 substitbns grant
strong resistance to both sulfonyluseadimidazolinoneherbicidegDuggleby et al., 2008; Tranel
and Wright, 2002)Table 11 presents summary of the ALS herbicide resistance mutations found
in different weed speciasder natural condition8ased on the results of the international survey
conducted during 1995/1996, 33 ALS inhibitor herbicide resistant biotypes have been reported in
11 different countrieHeap,2016.
Resistance mutations are common among cultivated crops as well. $ooustamutations

followed by selection for ALS resiste@ have resulted in identification of ALS resistant variants
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in maize Zea may4.), wheat {Triticum aestivuni), rice (Oryza sativd.), oilseed rapeBrassica
napus L) and sunflower Kelianthus annuusl) eventually resulting in development and
commercialization of cultivars of these crops that are resistant to ALS inhibitor herl{isldes
Khatib and Miller, 2000; Bernasconi et al., 1995; Gealy et al., 2003; Newhouse et BlShafer

et al., 1996; Swason et al., 1989; Tan et al., 200%urthermore, few other crops that have been
identified as prospective for the development of ALS resistant trelitide sugarbeet Beta
vulgaris L), cotton Gossypium hirsuturh), soybean Glycine max(L) Merr), lettuce (actuca
satival), tomato Lycopersicon esculentuiill.) and tobacco Nicotiana tabacunt.) (Tan et al.,
2005) While nonrtargetsite resistance to ALS inhibitor herbicidesalso found, theesistances
mainly endowedvia enhanced rates of herbieidnetabolism often involving P45u and

Powles, 2014).

ACCase inhibitor herbicides

The other major herbicider which resistant sorghums are being develapéik Acetyl-
CoenzymeA Carboxylasg ACCas¢ inhibitor herbicidesACCase isan enzyme involved ithe
first step de novo lipid biosynthesis that occurs in the chloroplast s{eage et al., 1994t is
a high molecular weight, multifunctional protein that carries three distinct functional regions.
ACCase inhibitors mainly atty inhibiting the chloroplastic ACCasadpreventinghesynthesis
of fatty acids(Délye, 2005) This limits cell growth and disrupts the cell membrane integrity
allowing metabolite leakage followed by rapid plant death. ACCase inhibitors were intraduced
the market in the late 197@sleap, 1997) Two important families of herbiciddslonging to
ACCase inhibitors are aryloxyphenoxypropionates (APPs) and cyclohexanediones (CHDs). Both

these families exhibit effective grass weed control with concurréettysa broadleaf crops and
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thus have been used extensively for controlling many monocotyledoneous species since their
introduction in mid 1970s. During 2006, another chemical family which is phenylpyrazoline (PPZ)
was introduced to this group with the bierde pinoxaderfHofer et al., 2006)Though all these
herbicides are structurally differefibélye, 2005)their biochemical activity with regards to
inhibiting the ACCase enzyme is similafHamdani, 2013) They all act through inhibiting
chloroplastic ACasethus avertinghe synthesis of fatty acid®élye, 2005which maylead to

restricedcell growth and concession of cell membrane integmiy eventuallyplant death.

Resistance to ACCase inhibitor brbicides
Like the ALS several resistance despments to ACCase inhibiting herbicides have been

reported in several species. The first report of resistance to ACCase came just five yethies after
release of APP and CHD herbicid@gseap, 208). It appears that several mutationgddterent
locationsof the ACCase gerarecapable of conferring resistanceutdtions conferring resistaa

in wild oatswere shown to have resulted frdive amino acid substitutions; He, 781to Leu, Trp
1,999to0 Cys, Trp2,027to Cys, lle2,041to Asn, and Asg2,078to Gly. One of these substitutions,
lle-1,781to Leuwas known to grant resistance to both group of ACCase inhibitor herbigigEs (
and CHD$ in wheat(Liu et al., 2007) At the same time, thougmechanistic basis was not
characterizedhere are severalperts omontargetsite resistance® ACCasanhibitor herbicides
which may bedue to enhanced capacity to metabolize herbidibéb/e et al., 2007)According
to the 1995/1996 international survey on herbicides resistant wadsnls,13 ACCase inhibitor

herbicide resistant biotypes have been reported in 11 different cokie@s,2016.
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The ALS and ACCase inhibitor herbicide resistance mutations in sorghum

Genetic segregation studies fasistance tALS inhibitor herbicides have shownthat
resigance iscontrolled by one major locus and two modifier Iftuinstra and AlKKhatib, 2007)
Efforts to identify the DNA sequence of the sorghum ALS gene had been carried out via aligning
the DNA sequence reads of the ALS resistant sorghums to the andrresadues corresponding
to the Arabidopsis thalian@AHAS gene (GenBank accession X51514). The only sequence close
to the A. thalianaAHAS gene reported in the sorghum genoméhesSb04g02068Qvhich is
reported to have two exons separated by an iflkershner, 2010Based on the DNA sequencing
results, the resistant ALS gene has been identified to carrpdmbd mutationsat Val-560 and
Trp-574 which converted these residues into isoleucine and leucine, respectlakBh60 is a
nonfactor mutation where residue 560 is not conserved and is of unknown importance, however,
Trp-574 is a conserved residwhere its mutated fornLéu-574) is known to provide strong cross
resistance tboth sulfonylureaandimidazolinoneherbicideqYu and Powles, 2014)

As reported in other species, the ACCase herbicide resistancepea®d inwild relatives
of sorghum as wellThe most stable resistance source reportedate isthe one discovered in
Sudamgrass populatiom Bolivia. A further geenhouse evaluation and dose response studies have
indicated that tis source is highly stable awary high application ragavhich was later confirmed
under multiple environments in the fielGenetic segregation studies on resistance to APP
herbicidesrom this sourcgrovided strong evidence for a single major gene providing ACCase
herbicide resistancdélthough APP and/or CHD herbicide resistance is known to be associated
with multiple mutation sites in the carboxyl transferase domain of the AC€asf$lye, 2005)
sequene analysis of the resistance gene in wild sorgidentified a single causal mutatitmat

rendered thesubstitution of amino acid trypphan to cysteineT(p-2027%Cys) in the ACCase
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gene. his mutation is previouslknown to provde resistance to APPs but not to CHB®rshner,

2010) This mutationocatedin the sorghum gene Sb06g003090 closely corresponded with the

amino acid residue 2027 of ACCase genA.imyosuroidegGenBank accession AJ310767).

Table 1.1. Major point nutations conferring resistance to ALS inhibitor herbicides in crop

plants.
Amlnq .Ac'd Resistance Substitutio Reported Source
Position Resistance
Alanine-122 ThreoninéTyrosine IM (Powles and Yu, 2010)
- , (Délye et al., 2009; Kolkman et al.,
Proline197 Methionine/Lysin/ su 2004: Warwick et al., 2008)
Typtophan
. (Ashigh and Tardif, 2009; Kolkman
Alanine-205 val M et al., 2004; Powles and Yu, 2010)
Aspartate376  Glu SU and IM  (Imaizumi et al., 2008)
(Patzoldt et al., 2001; Patzoldt and
Tryptophan574 - Leu SUand IM Tranel, 2009; Warwick et al., 2010)
Serine653 Threon!e/Asparaglne/ IM (Laplante et al., 2009)
Isoleucine
Glycine-654 Glutamine/Asparagine IM (Laplante et al., 2009; Sales et al.,

2008)
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Potential risks associated with deployment of herbicide resistanae crop

plants

The use ofinytechnology or product has risks associated withhe risk level should be
determined and weighed against the benefits before such padeichade accsible for general
public use. Deployment of herbicide resistant genes in every crop has certain level of risk and so
is with sorghum. Since there is no herbicide resistant commercial sorghum on the market yet, risks
associated with the technology is notolum. However, based on the biology of the crop and
experience from other crops, there are certain level of risks anticiwétethe deployment of
herbicide resistant traits the crop. Some of the potentiask factorscommonly raised by
sorghum stakedidersinclude environmental riskom expanded use of the chemicaig|d drag
associated with the resistance mutatioesistant development in weedmd escape of the
resistance genegéne flow to wild and weed/ relatives These risk factorshould ot be
considered minoand appropriate stewardship mechanisms need to be in place to mitigate the risks

or prevent them from happening.

Environmental risk

Even though a substantial benefit can be gained through the use of herbicides to control
unwantedvegetation in crop fields, herbicide application on crops pmEstain risks to the
environmen{Fletcher et al., 1993; Madsen and Streibig, 2008portantrisks may arise due to
the direct toxic effect of certain herbicides on humans during chemical application mocess
affectboth humans and wildlifalike throughindirect expoare such aghrough drift and water
contaminationsGenerally therare two ways by which herbae use due to the introduction of

herbicide resistant crops may increaswironmental risksThe first is that herbicide resistant
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crops may enable farmers to use herbicidestheir cropsby adding more chemicals to
environmentThe second reason is tissue of development of resistant weeds which may compel
farmers to use increased doses of herbicides on the crop fields in order to suppress the resistant
weed (Madsen and Streibig, 2003pn the other hand, there can also be several indirect effects
tha include inadvertent damages occurring on the sprayed site as well as offsite. Tgeiohan
vegetation caused due spraying of the herbicide may alter the habitat of animals such as birds
and mammals which leads to disruption of biodiversity, partiguia the areas near natural
vegetation(Taylor et al., 2006)Herbicides sprayed using a tractor oraacraft may frequently
depositthe chemical®n sites beyond the intended speynemainly due to drift(Marrs et al.,
1989) This may also bring unintended damages to the vegetation. Therefore, eolutroversy
does exist with considerable amount of negative opinions about the broadcast spraying of
herbicides.

In the past few dedesthe amount of chemical applied to obtain weed comiasbeen
significantly reduced and this may be citedoag of the major successes of @Gkl industryin
the recentdecadesSome of thigeduction amounts from kilograms to grams of active ingred
per hectareBut it is not clear how much contribution this may have in terms of reducing potential
risks. It appears that reduction in the amount should be coupled with other properties of the

chemical such as interaction with salsdlow persistacein order to reduce risks.

Development of resistance in weeds
Modern crop production is heavilseliart on herbicide use. Thishas tremendously
increasedn recent years perhaps due to tieetill productionoption thatthe use oherbicides

offer which in turn was acclaimed for its perceived positive rolpristecting soil erosiomand
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minimizing energy usé@apendick and Parr, 199'Although herbicides offer great flexibility in

crop weed management acting as an integral part of the agricystains for more than 30
years, it also poses the potential risk of selection for herbicide resistant (Meags 206). In

crop production system based dmemical weed control, the susceptible weeds are killed due to
the herbicide effect while weed plaresilient to herbicides maurviveandproduce see(Prather

et al., 2000)Repeated occurrence of this process would lealitbof weed population resulting

in the buildup of hardo-control weedsThis phenomenomill eventually result in a situsn

where the weeds wilho longer respond to herbiciggplication The InternationalSurvey of
Herbicide ResistantWeeds recorded388 unique cases offierbicideresistant weesl in 210
different speciegHeap, 206). However, due to the reliability thaerbicides offer as a tool for
weed management, herbicides are likely to remain as the most effective weed management option
But if not managed with proper attentiand vigilance, herbicides can worsen the weed problem
by increasing the population ofsistant weedsHerbicide resistance occuggherdue to genetic
mutations that are induced by the herbicide effect itself or shifts that occur in weed biotypes
(Prather et al., 200@)oth of which can occur as a result of improper use of a rather e#fectiv
herbicide.

Thecontinuous buildup of resistant weed populations against a particular herbicids render
the herbicide ineffective and will eventually leadtéomination ofits use In order to overcome
this,researchers have come up with alternatreed control strategies that would prolong the field
life of herbicides. Many of such strategies advocate for integrated weed management which
involved combined or sequential deployment of several control options inclbébtapical
control agents, use ailelopathy, mulchng, cover crops, manipulation of the soil fertility, crop

rotation and rotation of herbicid®f differentmode of actior{Buhler, 2009; Swanton et al., 2009)
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Combinationof these techniquesith chemicaherbicides would provide effective and sustainable
control of weedsdelay or preventlevelopment ofesistah weeds therebgnsuringong termuse

of the herbicides.

Gene flow

Increasing popularity of herbicide resistant crops has created widespreadrcabout the
resistangeneescaping from cultivated fields tbe wild relativesGene flow through pollen has
been documented in both traditional anghsgenicherbicide resistant crog&llstrand, 2003;
Rieger et al., 2002Undera typical situatbn where pollen mediated gene flow is likely, the wild
relative receive a resistant gene which was naturally absent in the wild population, resulting in
rapid replacement of the wiltype allele in the weeds by resistakele eventuallycreating
herbicde resistant weedsiaygood et al., 2003\ field investigation in Canada keeportedthe
presence ofrop seed residue oflseed rape with multiple herbicidesistagein an areavhere
oilseed rape with resistance to different herbicides had beemgnoweighboring field§Hall et
al., 2009)

Sorghum is not immune to such conflict between technology and nature. In fact when the
relative abundance of wild and weedy relatives that do not seem to have genetic barriers with
cultivated sorghum is highhe risk of pollen mediated gene flow from sorghum crop to wild
relatives is likely. Several reports indicamddence for hybridization between cultivated sorghum
and different species of wilelativesunder experimental conditioif&rriola and Ellstrad, 1996;
Paterson et al., 1995)herefore, the deployment of herbicide resistant sorghum should weigh in
to such risks and put forward effective educational programs and stewardship mechanisms to

prevent unwanted spread of the resistance gene.
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In addition to the risk of pollen mediated resistance gene escape, the increased use of
herbicide resistant crops raised significant concern aberdicideresistant cropshemselves
becoming resistant weeds in other crop fieldss very common to seedRndupreadymaize

growing as volunteers (weeds) in soybean fields throughout thevest

Next generation £quencing(NGS) platforms and gene expressioranalysis

Genetic variability observed at the DNA sequence level isdaheal factor fochanges in
gene expression which leads to phenotypic variability in individuals. The very first investigation
on rapid determination of DNA sequence was published in 1970's by Fred Sanger and Alan
Coulson(Sanger and Coulson, 1975; Sanger et al., 19} technique ascribed as Sanger
sequencing method, involveBNA sequencindgpased on the selective incorporation of di
deoxynucleotideby DNA polymeraseduringin vitro DNA replication that causesa chain
termination reactiofSanger et al., 1977panger sequencimgmainedhe only method used for
DNA sequencingfor almost 30 yearsfollowing its invention However, owing to the
unprecedentedevelopments in the past decgulenarily driven by thenterest to understand and
manipulatehuman genome, numerousgh throughputsequencing technologielsave been
develod Such developments essentially included laboratory automation and parallelization of
processesnd significant cost reduction leadingttee establishmerdf sequencing facilitiesn
several public institutions taccommodatehe growing interest in human, animal and plant
functional genomic studies

The power of NGS along with novel molecular ®blve also enabled gene expression
profiling. Just like DNA sequencing technology, gene expression profiling also evolved overtime

growing both in accuracy and depth in terms of number of genes that can be investigated at a time.
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The very first gene expssion profiling method, microarray technolog relied on DNA
hybridization Hybridizationbased techniques involve incubation of fluorescedathgledcDNA

with custommade or commercial highlensity oligo microarrays. These hybridizatioased
approachesire high throughput and fairly low cost, however, these techniques offered limited
capacity to obtain the complete set of transcripts representing expressed RNA molecules at a given
condition due to its heavy reliance upon the existing knowledge abowotrdhaism's genome
sequence and possible crdsdridization(Okoniewski and Miller, 2006; Royce et al., 200@n

the other hand, depending on the nature of the experiment, the expression level comparisons
between experiments can require complicated nazatadn methods. Témost recendequene-

based approaches provide a better alternatitteetbybridization basegene expression analysis.

The first sequencingased higkithroughput method for gene expression analysis is called Serial
Analysis of Gene Epression (SAGE) This was followed by Massivg Parallel Signature
Sequencing (MPSS)Chu and Corey, 2012; Morin et al., 2008hich emplog a series of
considerably different biochemical aselquencingteps. These techniques which wé@vever,

less poplar as compared to microarrays were fokalloy NGS technologies that revolutionized
sequence oriented molecular research. Owing to their exceptional level of sensitivity and high
throughput nature, NGS technologies have become the method of choicendoexgeession
analysis(Ozsolak and Milos, 2011; Wang et al., 200B) date, the power of NGS technologies
together with novel molecular biological and computational tools have allowed researchers to
conduct gene expression profiling at an unprecederged and scale. Thus, NGS technologies
have been gaining popularity in the scientific research arena through enabling researchers to
answer sever al bi ol ogi cal guestions relating

genomes that were never possibkefore. However, there is limited research conducted on plant
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transcriptomes as compared to human and animal redaarthis toohaveshown a significant

boost in the recent past

RNA sequencing (RNAseq)

RNA-seqis a widely used higthroughput dee sequencing technology that allows deep
sampling of the transcriptome of an organism at a specific time (@t and Corey, 2012Jo
date, thisgechnologyhasgained enormous popularity in the scientific community that deal with
functional genomics. Tentranscriptome is the complete set of expressed transcripts in a cell of an
organism. Therefore, a complete interpretation and understanding of the functional elements of the
genome thais associated with a certgimenotype requires detailed analysid anderstanding of
the transcriptome. RNA&eq combined with appropriate bioinformatics tools can provide a better
approach to study gene expression profiles of organisms under different biological conditions.
Several publishedtudies based oRNA-seq techique attest to thgpower of the technique for
studying gene expression dynamics abermicroarray techniquéGarg et al., 2011; Morozova
et al., 2009; Weber et al., 200R)everthelesghis technique is still under active development and
has capacity to improve.

Typically, the workflow involved in aRNA-seq experiment requirésolation of mMRNA
from theextracedtotal RNA which is then convertdd librariesof complementary DNA (cDN)
fragments with attached adaptors. Each cDNA library is then sequenced ontarbigihput
NGS platform to obtain millions of short sequences from one end (sngdlsequencing) or both
ends (pakend sequencing). The length of these sequence reatisgemerally range from 30
400 bp depending on the sequencing platform used. For the sequencing step in a regisag RNA

experiment, any higthroughput sequencing technology such as llluminari@Life lon Torrent
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can be used. Figure 1 provides a sistd summary of how gene expression profiling experiment

is conducted.

RNA-seq in sorghum

The recently ompleted whole genome sequence and comprehensive annotation of the
sorghum genome in 200@aterson et al., 2009)long with the developments inrfctional
genomics resourcdsaveplayed a key role inleployment oRNA-seqtechnologyfor sorghum
Introduced in 200 RNA-seqtechnologyWang et al., 2009)as rapidly taken up by tiseientific
community However, animal research that applRNA-seqtechnology took precedence over
plant studies and was largely used in medical res€Besig et al., 2013; Martertdzunova et al.,
2014; Miyamoto et al., 2015; Oshlack et al., 2010; Raghavachari et al., 2012; Ren et al., 2012)
The very first study on tracriptome profiling in sorghum appeared in 2@tHich focused on
revealing the transcriptional changesociated with adaptations gidnt responsasnderabiotic
and biotic stresseugas et al., 2011)This investigation which involve&NA-seqof plarts
subjected to abscisic acid (ABA) or polyethylene glycol treatments at different developmental
stages was able to discover more than 50 gene orthologs that associate with plant drought response
and are in conjunction with published transcriptome analfggesce, maize, and Arabidopsis.
Another study on comparison of transcriptomes between nitrogen stress tolerant and sensitive
sorghum genotypes revealed several common differentially expressed genes tedthsploar
expression levels in tolerant genpég(Gelli et al., 2014)SorghumRNA-seqstudy linked to a
sorghum disease condition inclattbe transcriptomic analysis of sorghum infected by the fungus
Bipolaris sorghicolawhich elucidated high resolution expression information on plant responses

to pathogengYazawa et al., 2013)hile a different study on genes responsible for the gradual

29



variation of colors in sorghum leaves infectedth B. sorghicolarevealed aflavono i d-

3 Nj

hydroxylasegene on chromosometd have likelycaugdthe observed variabilitfMizuno et al.,

2014) However, many of these studies show the need of further proteomics studies in sorghum

due to the considerable number of the differentially exy@e@geng being currently annotated as

proteirs that areeither predictedsimilar toexpressed or putative uncharacterigedgas et al.,

2011) Thus, sorghum transcriptome analysis carries much potential as a powerful impetus towards

mining the genetic auses underlying nuenous abnormal conditions thatcur within the

sorghum genome.

Laboratory Work Flow

Total RNA
extraction

—

Bioinformatics Work Flow

Identification of
differentially
expressed genes
using statistical
tests

RNA quality check

Normalization and
guantification of
read counts

cDNA library
preparation

Read alignment
to the reference
genome

 —

RNA sequencing

l

Adapter trimming
and quality
filtering

Drawing inferences on biological processes through functional analysis

Figure 1.1. A simplistic summary of a gene expression analysis experiment usingsefjlA
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Chapter2-RNAs eagnal ysi s of ALS (Socersghsumnt

bicplwrth contrasting peedling

Abstract

Acetolactate synthase (ALS) inhibitor herbicides are among widely marketed herbicide
chemistries that act both against grass and Hemaad weeds. ALS resistant sorghu@srghum

bicolor (L.) Moench) were developed as a viable pasergene weed control option in sorghum.
However, many of the lines resistant to ALS herbicides show marked interveinal chlorosis during
early stages of growth causing reduced seedling vigor. Though affected genotypespgaten
advanced seedling stage, thegmence of this unusual phenotype may undermine adoption of
ALS resistant sorghums. The objective of this study was to identify genes, metabolic pathways
and mechanisms associated with the reduced vigor and yellow seedling phenotype. Two ALS
resistant geotypes expressing yellow and normal (green) phenotypes were grown and tissues were
harvested at four time points with tfeirth sampling conductedfter thegenotypes have fully re
greened. RNA was extracted from the tissues and subjected tesBiN&naisis. Differential gene
expression analysis was performed using DESed@vare packagesene Ontology enrichment

and SorghumCyc pathway analysis revealed significant regulatory activity in several genes related
to chloroplast and plant defense responseshiorotic genotyped/ariant analysis on chloroplast
genes resulted in one high impact variant and several other variants that showed moderate effects
on gene expression. The highpact variant and majority of moderatepact variants represesat

genes linked to chlorophyll metabolism and chloroplast precursors while feve cthezsented

genes with a role in epigenetic modificatioi$ie color transformation in affected genotype

appeas to be due to altered regulation in chloroplast linked gefide stress condition created
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due to low leaf chlorophyll content provoked defense response mechanisms that are often reflected
under abiotic stress. Once confirmed, the identified SNP variants would serve as valuable markers

for early elimination of décted backgrounds from the breeding population.

Key words Sorghunbicolor, RNA-seq,gene variantsALS herbicide resistance, interveinal

chlorosis.

Introduction

The Uhited States accounts for about 9% of the world's sorgl8argfum bicolox(L.)
Moench)acreagebut contributes25% to the global grain sorghum production with over half of
this producedn Kansas(Hamman et al., 2001Despite the tremendous progress in genetic
improvement of the crop over the last several decades, numerous bk#lstikademain and
present challenges to global sorghum production. One of the outstanding bottlenecks in
mechanized sorghum production system is the lack of effective post emergence grass weed control
options.

In the United States, post emergence weedsticularly grasses, cause a significant
management problem for sorghum. Farmers consistently ranked weed management as priority
researclarea(Tuinstra and AlKhatib, 2007) Apart from causing considerable economic loss, the
lack of effectivepostemergenceveed controbptionshas forced farmers to swit@moductionto
riskier crops such asnaizebecause it offers better weed control toAls a result sorghum acreage
has been halved over the last two decades. Though glyphosate resistancldgdmas been

available for major crops includingaize sorghum has not ben#ed from suchechnology due
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to theconcern about theossibleescape ofesistaegenesto thewild andweed relativegArriola
and Ellstrand, 1996)

The discovery of th Acetolactate synthase (ALS) resistance brought some optimism for
addressing weed control issues in sorghdybrids with esistance to ALS inhibitor herbicides
arepoised to provide viable pestmergence weed control optifhesso et al., 2018nd effots
are underway to make the technology available to growrS. inhibitor herbicides are among
widely marketed herbicide chemistries that act both on grass andlbevad weedslhey act by
inhibiting the activity of ALS enzyme the first enzyme in thdédrancheechain amino acid
biosynthetic pathway which leads to the production of amino acids, valine, leucine, and isoleucine.
In 2007, astrongsource ofesistanceo ALS inhibitor herbicides which carries double mutations
in the gene coding for th&LS enzyme was discovered among a shatterc&oeghum bicolor
population in Kansas. The point mutations on amino acid residues6@adnd Trp574 resulted
in the change of these amino acids to lle and Leu, respectioggveronly thelattersubstitution
prevens the binding of ALS inhibitor herbicides. Thus resistant plants continue to function and
produce branched chain amino acids while susceptible plants with wild type ALS protein suffer
from loss of function when treated with ALS inhibitor herbicid€X.these mutationgnly Trp-

574 is a conserved residue thus {554 was found to be associated with strong resistance to ALS
inhibitor herbicidegKershner, 2010; Tuinstra and -Khatib, 2007) Over the past few years
breeders have been able to successiultprporate tk resistant gene to adaptedsorghum
backgrounds. Henga large number of sorghum germplasm and parent lines with strong resistance
to all classes of ALS inhibitor herbicides have been developleese esistant sorghums can

tolerate herbicide concentrat®tihatare6 to 10x the normal use rati€ershner, 2010)
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However, many ALS resistant lines tend to show variable degree of leaf yellowing and
reduced seedling vigor at early stages of groatienthough, the plants eventuatlyrn green and
effectively grow out of these symptoms after few weeks, such yellahstunted seedlings may
be unpleasant to human eyes and onraermine adoption of th&LS resistancéechnology. The
expression of such phetypeis variable with some genotypes displaying inteysi®owing and
stunting while othershow moderatechlorosis. Few of the resistagenotypes seeno be not
affected at alindicating that expression of the phenotype may be dependent on backgiielthd.
scoring of chlorosis conducted damilies derived from different backgrounds confirmed this
variability (Weerasooriya et al., 2012)hile traditional selection against yellow phenotypes was
successful in eliminating the extreme undesirable pheastype genetic causes for expression of
these phenotypes remain unclear. Knowledge of the underlying cause for the phenotype will help
eliminate parental genotypes with extreme yellowing tendency from breeding programs.

The availability of the whole gente sequence of sorghum and the advent of new
molecular techniques such as Ri¥@q have facilitated development of better tools to address
complex problems similar to this one. The recent release of sorghum draft genome sequence which
revealed ~34, 500 sginum genes including ~27,640 befinde protein coding genes (Paterssn
al., 2009) is a remarkable improvement in sorghumetgerstudies using next generation
sequencing platform@ugas et al., 2011; Johnson et al., 2014; Mizuno et al., 2012; Olsbn et a
2014) The objective of this study was to identify genes, metabolic pathways and mechanisms

associated with the reduced vigor and yellow seedling phenosypeg the RNAseq technique
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Materials and Methods

This study wil explore the potential oORNA-seq technique to track gene expression
profiles of genetically related yellow and green ALS resistant genoty@igitagyene expression
differences in seedlingghe gene expression result will bentined with the Gene Ontology
(GO) andmetabolic mthway analysis to characterize the sorghum transcriptomieeate genes

functionally related to the expression of yellow seedling phenotypes.

Genetic materials

ALS resistant sister lines of sorghum derived from sever@rhkiliesrepresenng thetwo
extremes for seedling phenotype (green and yellow) weyen in 2012 main crop season for
further phenotyping. A sister line paiderived from a pedigree familyd &han x
(Macia//Macia/Tw)i 3 that express the most extreme seedling colorsekested fo this study.
Berhan is a tropically adapte8triga resistant variety developed and released (release No.
PSL506) by Purdue University. MaciaP{ 56512} is another tropical variety with broad
adaptation to suBaharan Africa prefeed for its white boldseeds. Tailwind (Tw)s an ALS
resistant wild sorghum (shattercane) discovered in 2003 in an ALS treateefield in Kansas.
Seeds from the sister lines representing green and yellow phenotypes were harvested from the
2012 crop. Following standard sewdatment(Maxim, Apron XL, Concep lll) the seeds were
planted side by side in Puerto Rico the following winter to increase the seeds and also confirm the
phenotypes under a different environmértie sister lines maintained clear differesiagth all
plants from the yellow plotRR12/13764) expressing yellow phenotype and the sister line grown

on the nearby plot ®12/13763) expressing normal green phenotypleeuse of such genetically
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related genotypes wdsund to be useful in reducirgackground noisduring geneexpression

studiesthat may occur due to variation in genomic regions other than the target loci.

Experimental design, tissuesampling and RNA extraction

Seeds representing the yellow and green sister lines from the spledigete familywere
grown in the field durin@013 main seasoat Ashland Bottors KSU agronomy research farm,
Manhattan Field grow out was preferred to greenhouse as it represents the actual production
condition and also offers better expression ofpthenotypes. Planfsom each sister line showed
uniform seedling phenotype in terms of the degree of observed leaf yell@viguge 2.1). For
RNA-Seq analysis, replicated tissue samples were collected astbmesin weekly intervals
starting on day 4 after planting (S0) and subsequent samplings made on 21, 28 and 35 days after
planting representing S1, S2 and S3 stages, respectively (Figure ZShije the greatest
dynamism in seedling vigor and leaf chlorosis occurs until four weeks after emsrgampling
during this time waassumedo capture most of the genes that are differentially expréstaden
green and yellow sister lineshe first (S0) sampling was done prior to herbicide application to
mimic actual production conditions while thi®uld allow comparisorof geneexpressiomrofiles
between yellow and green backgrounds before and after herbicide application. The subsequent
three samplings were done after herbicide treatment. A control (non ALS resistant) genotype was
included as a clok in the first sampling but not for subsequent samplings since the genotype died
by ALS herbicide treatment. After the first sampling (on day 15 after planhegplantsvere
sprayedwith ALS inhibitor herbicide Accefit(Dupont Pioneer, USA) at the eaif 10508 a.i.
hat 15 daysafter planting. Accent contains nicosulfuron which is a sulfonylurea that works mainly

by systemicaction where susceptible plants die within two weeks after applica#dneach
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sampling stage, three plants were randomly tagged ppbxamately 100mg of leaf tissue
samples were collected from each taggkht. The issues were immediately frozen in liquid
nitrogen to prevent mRNA degradation and staed0eC until use Total RNA extraction was
performed usingRNeasy Plant Mini isolation K{Qiagen Inc., Valencia, CA, USA) and extracted
total RNA was treated with Amplification Grade DNAsk (Invitrogen Corporation,
CarlsbadCA, USA) before further analysis. RNA samples were diluted with RNase free water to
obtain samples with required concentration (200ng/ul). RNA integrity and quéty were
checked using Agilent 2100 Bioanalyzer (Agilent Technologies Genomics, Palo Alto, CA, USA).
In addition several other ALS resistant genotypegressing variable levels of leaf
chlorosiswere grown alongside the two sister lines used for FiE#analysis. leaf chlorophyll
contentwasmeasured using SPAD 502 chlorophyll meter (Spectrum Technologies, Auraas, IL)

all sampling stageis all genotypeso monitorchanges in leaf greenness as additional evidence

cDNA library construction and sequencing

cDNA librarieswere constructed using the lllumifiauSed™ RNA sample preparation kit
according to the manufacturerds protocol (1
genotype was subjected to two rounds of enrichment forAdohlRNAs usi ng Aol i godTOo
magnetic beads. Purified mMRNA was chemically fragmented and converted testiagkied
cDNA according to the manufacturerés protocol
samples from each genotype was separately barcodid adapter indexes and pooled.
Sequencing was performed on a HiSeq 2000 platform (lllumina Inc., San Diego, CA, USA) at
Genome Sequencing Facilitgf KansasUniversity Medical Centeusing 100bp singlend

sequencing runand 15xmultiplex.
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Differential gene expression analysis and gene clustering

Singleend sequencing reads obtained from HiSeq 2000 runs were subjected to adapter
trimming and quality fil t e+alone gdapter ttinimdMagint adapt
2011) TheSorghum bicoloreference genome (Sbhicolor_v1(aterson et al., 200®as usedo
performread alignmentising Genomic Shoiread Nucleotide Alignment Program (GSNAWu
and Watanabe, 2009Read counting per gene @ach sample wasonductedusing an irhouse
script. Differential geneexpression among yellow and normal genotypes avadyzed using
0 D g @&hich employs a method based on the negative binomial distribution, with variance and
mean linked by local regressiofi.g-value (Benjamini and Hochberg, 199%jas de¢rmined for
each gene to account for multiple tests. To control false discovery rate (FDR) at 5%, the
differentially expressed genes were required to havalwes smaller than (G0OAdditionally, we
only included genes shown at least two foldange in th list of significantly differentially
expressed genes. The RPKM value per geradh sampleepresentsead counts pedilobase of
transcribed region per million reafidortazavi et al., 2008)he analysis was further extended to
test the null hypothés no interaction betweegenotyps andsamplingstage, in order toidentify
patterns of changes in differential gene expression among sampling stages between the two
genotypes using DESegdftware packagdhe 5% FDRwas used aathreshold to obtain set
of genes with significant interaction between genotypes and sampling stages. Tlea@gaion
ratios between green and yellow genotyp#sthis set of genes were used as inputdoster
anal ysis with th¢dFralBy epa,cW2)gei mMgnct nes t endhike | AV\
differentially expressedenes were functionally annotated using current sorghum gene annotations

in PhytozomdGoodstein et al., 2012)
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GeneOntology (GO) enrichment

TheGene Ontology (GO) enrichment analysiss performedo identify overrepresented
GO terms inthe differentially expressedjene lists using an R software package, goseq. GO
functional annotations for sorghum gene product®re downloaded from Agrigo
(http://biocinfo.cau.edu.cn/agriGO/). GO categories weresiciened significantly enriched based
on the pvalue cutoff of 0.05Based on the results for the GO analysis, the genes related to
significant GO terms were extracted and the expression pattern of relatethdeg2$old change

at each stageere visuaked using a heatmap generated via R package Heaftus€2.4).

SorghumCyc pathway analysis followed by visualization via Mapman

Metabolic pathway enrichment using SorghumCyc genome database was pefffarmed
eachdifferentially expressedene usinghe Zscore methoguggested b{Dugas et al., 2011ip
order to derive functional annotations to infer metabolic pathwagsrghum(YouensClark et
al., 2011) Pathways were considered significantly enrichetefollowing criteria were metZ-
s ¢ o r eandGhe Bxpectedumber of genes for a familyl>Mapman has the capability of
lightening the redundancy thatcursin other commonly used ontologi¢dence,Mapman was
used to collect and classify the calculated fold change value a séof hierarchical functional
categories called 6binés which inhdeesiredd@mae or ga
Herein, using Mapman alone was not preferasdit may not provide a holistic view of the
significant pathways in order of signifince as would a-£ore method. However, Mapman
provides a better graphicaltput of the expressiomndera certaincell component/pathway of

choice. Thusacombination of two methods wased forvisualization of results.
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Discoveryof gene variants

Based on th@ene expressioresults, variant analysis was performed for 31 chloroplast
genes thahad elevatedexpression levels during SO, S1 and S2. For the selected set of genes,
variants between sequence reads and reference genome were identifesasmme Analysis
Toolkit (GATK) (McKenna et al., 201nd SnpEff variant annotation and effect prediction tool
(Cingolani et al., 2012)This analysis displagd the effect of each SNP variabn all related
genesAll of the SNP calls were filtered bad on the qualitpf base calland SNP effect on the
gene models were determined using SnfEifigolani et al., 2012)he SNPvariants were further
filtered to remove notmomologous variants throughout sampling statjed only true SNP
variants were used for interpretations. Variant annotation was used to remove the variants with

synonymous effect.

Results

Physiological measurements

Phenotypic differences between yellow and normal genotypes monitorecchngphyll
meter SPAD-502) parallel to RNAseq analysishowed significant difference between yellow
and green genotypeduring first three stages of sampling while no difference was obsatved
stage 3 (S3) when most of the affected genotypes have recovered éqinetiotypic disorder
(Table2.1, Figure2.1a and 2.1 The difference in seedling phenotype was highest and most
significant at SO stage and progressively reduceddsultedsignificant at S1 and S2 stages with

the difference virtually disappearing%8 stage.
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Mapping of transcriptome to the sorghum genome

Out of the34,496 gene models reported ear{ieéaterson et al., 200%his study revealed
activity for 27,608 unique sorghum gene models. Approximately 512.6 million reads were
generated acrgsall three biological replicates for yellow and green genotypes. Of those, 497.2
million (~95-98%) passed quality filtering standards abdut461.8 million (~8891%) of those
uniquely mapped to the sorghum reference genome. The read mapping sumratryeltow
and normal samples used in the study can be fouagpendixTable 1.Pear son6és corr e
analysis for quality assessment ofjuantile normalizedreads showed significant positive
correlatiors with an average of 0.@tween biological replatesbelonging to a specific genotype
at each sampling stage (Figure 2.Zd)is, analysis provided a clear picture of high correlations
between samples fro80 andS1 vs.S2 andS3. P-value histograms for the normalized read counts
for each comparison showed acceptable read count distribiifigmre 2.2b) The differential
expression analyses for the comparison between yellograedgenotypes performed separately
for each growthstage from SO through S3 stages resulted510, 6787, 5709 and 3575

differentially expressedenesrespectively.

Clustering pattern of differentially expressed(DE) genesand resultedGO terms
and pathways linked to significantDE genes

Out of the total of 27,608 gene models resolved in this study, 5321 were identified to
possess significant interactions between genotype and sampling stages. Clustering performed
based on the Log2 expression ratio between green and yellow genotypes idehtifiapr gene
clusters (groups) (Figur2.6). The clustering patterns varied from stable expression ratios to

irregular patterns. However, major consideration was drawn towards gene clusters that showed
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change in expression ratios fradmgh to lowor low to high along the sampling stages. Thus,
clusters 9, 10 and 11 that contained 327, 46 and 28 genes which comprised stable, increasing and
decreasing gene expression ratios were excluded from further consideration based on the
assumption that they may eith@mprise genes that contribute to plant developmental processes
or genes that do noglate seedling color dynamitisat isthe focusof this study. The rest of the
clusters were divided into two major groups based on their patterns. Thus, clustensl 7, that
showedinitial decrease followed by an increase in gene expression(fiatio SO through S3)

were considered as cluster setl, while clusters 2, 3, 4, 6 and 8 that showed more or less opposite
pattern of variability to the first set of clustevere considered as cluster set 2. The variability seen

in the genes captured in cluster setflected upregulated activityin yellow genotypesluring

early sampling stagesnddown regulated at the latsampling stages. Common functions of the
genes cappired in cluster set 1, in general, were related to photosystem | and Il reaction centers,
chlorophyll binding proteins, chloroplast precursors, signal transduction involving calmodulin,
plant hormones such as auxin, cytokinin and ethylene, oxidative ségsonse genes involving
glutamate cycle genes, heatshock proteins, cytochrome P450, oxidoreductases and specifically
chlorophyll catabolic gerseand drought induced proteins contrast, cluster set 2 which showed
increased initial expression ratiosathdecreased at later stages generally involved; expansins,
anthocyanins, aquaporins and UDRcosyltransferases. Few other genes that were commonly
found in both sets of clusters included heatshock proteins, cytochrome P450, oxidoreductases,
peroxidase pecursors. At the same time, a large number of genes could not be classified under a
specific cluster due to their intermediary involvement in protein synthesis, transcription, cellular

transport, signal transduction and other cellular processes.
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TheGOterm enrichment based differentially expressedenes identified 136 174 GO
categories throughout the sampling stages based on involvement afiféa@mtially expressed
genes to specific molecular functions, cellular components and biological ggecebhe
significance of each GO category was declared by considering significant activity of both up and
down regulated genes grouped under each category. These enriched GO categories primarily
included chloroplast and its structural components, resptmsabiotic stresses, substrate
metabolism and numerous pathways relatédxe catabolite detoxificatiarPathway enrichment
using SorghumCyc annotations throughout the samgliags revealed significant regulatory
activity in 34- 49 metabolicpathways based on thestore analysisThis analysis facilitated
filtering and identification opathways exhibiting high confideadifferentially expressedenes
Pathways with significant regulatory activity in yellow backgrounds accounted for phenotyp
changes in leaf tissues, defense respohsesional networks and other procegseshapsiue to
the significantly low chlorophyll content.

GO term analysis in combination with pathway analygs useful tadentify pathways
with higher regulatory divity. Thus it was evident that a considerable number of genes linked to
chlorophyll degradation pathway showed altered regulation. At the same time, a large number of
differentially expressedenes captured under the GO term, chloroplast, were not daesbonder
a specific pathway due to deficiencies in pathway annotation. Therefore, despite the considerably
increased regulatory activity observed for genes coding chloroplast precursors, photosynthesis,
chlorophyll binding proteins, they were not asgigrio a specific pathway via SorghumCyc.

Apart from GO terms related to chloroplast, each stage comprised a large number of abiotic
stress related GO terms such as oxidative stress due to reactive oxygen species (ROS), singlet

oxygen, response to oxidagistress, response to hydrogen peroxide, protein kinases and toxin
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catabolic processes involving glutathionér&sferase (GST) activity. Pathway analysis further
supported this through significant activity in chlorophyll degradation, betanidin degradatio
glutathione (GSH) mediated detoxification, gamma glutamyl cycle (which involves GSTSs),
nicotine degradation, phospholipases which were relatoggtymon to all sampling stageehus,
most prominent among pathways that linked with detoxification proges®se processes
mediating antioxidant molecules. Simultaneously, GO sdimked to stress response hormonal
networks were observed throughout the sampling stages. Thus, a lot of variability in transcript
abundance was observed in hormonal networks telatgefense responses (Fig@rd). This was
reflected throughalteredregulation of genes codingbscisic acid (ABA), gibberellin (GA),
brassinosteroid (BRs), jasmonate (Jathylene (ET)andcytokinin (CK) biosynthesisOverall,
differentially expresstranscriptdetweenyellow and green genotypasstage SO and stage S1
based on the GO categories and pathways showed a large overlap. These overlapped categories
commonly comprised chloroplast, thylakoid membrane, thylakoid lumen, electron cartigy acti
and several terms relatedttxin catabolic processeBhospholipid biosynthesis, phospholipases
and triacylglycerol degradation, starch degradation and sucrose biosynthetic process were also
among the important GO terms observed under first twqkags. On the other hand, gene
expression profiles between S2 and S3 stages showed more or less similar patterns while a
considerable numbef genes linked to chloroplast were both up and down regulated throughout
the sampling stages as also revealed>@aenrichmen(Figure2.3a)

The procedure utilized for data analysis helped eraabigger picture that could be
dissected to different areas based on the significance. However, many pathways that comprised
less number of annotated genes than whegqsired to declare the significance in thecbre

limited our capacity to draw conclusions primarily based on the pathway analysis. Thus, GO term
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analysis in combination with pathways could providetierview of the resultsAt the same time,
aconsier abl e number of clustered genes annot at
usefulness in drawing inferences.

While SNP variants are known to carry important functional nmakeshanging the genetic
code tlmough point mutations at certain genomigioms SNP variant analysideployed in this
studyprimarily allowedidentifying single baseolymorphismsan different genomic locrelated
to expression o€thloroplastrelatedgenesn tested genotype®verall, SNP variant analysis for
chloroplastrelated genesvealed SNP variant calls affecting expression of 21 genes (Tahle 2.2)
Though not algenes testedontainedSNP variantssomeof the resultedariants showed impacts
on the gene containing the SNP as well as on adjacent gegegaeralthe SNP variants contained
one high impact variant and, few moderate and low impact variants while rest of the variants that

included the majorityhhad onlymodifier effects.

Chloroplast related genes with modified expression levels

A total of 308 actie genegelated tochloroplastwere resolved out of which 27dere
associated witlchlorophyll metabolisnrandshowed differential expression in at least one of the
sampling stageslhe differentially expressed genes list was higher for SO (39) followestlby
(19), S2 (19) and S3 (14%tages SO and S2 shared the highest (39) numbdiffefentially
expressedenes whilgheleast (7)differentially expressed genes were shared between S0 and S3
stages. There were several genes that were consistently expaésso or more of the sampling
stage including S3 which are likelyot related to the phenotype of interest. S@hgenesvere
overexpressed during SO, S1 and S2 stages while few genes were activated in all four stages. SO

and S3stagescontained thénighest (187) and lowest (98)fferentially expressedene courd,
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respectively (Figure2.39. The lower differentially expressed counts at S3 agree with the
phenotypic measurement on leaf chlorophyll content which was the lowest at S3Fgage

2.1b). Overall, \ariability in expression profiles of the chloroplast related genes seemed to have
reduced from stage SO to S3enes that were up and down regulated between SO and S3 during
the photosynthesis light reacti¢hables 2.3b and 2.3c indicatingetmarked difference in gene
expression levels between the two stages.

Furthermore, a closer inspectioh31 chloroplasts related gertbat showedignificantly
altered expressioduring first three sampling stages using variant discovery revealed Isevera
important variants including a high impact variant which acts both as a splice donor and an intron
variant locatedon chromosome 3 position 11194286202586 bp (Tabl.2). Gene coding
geranylgeranly reductag8€b03g010330), which contadthis variant is involved in chlorophyll
biosynthesis pathwafyWang et al., 2014and carriel two other missense variants with moderate
effects and another low impact variambotha splice region andnintronregion

Other chlorophyll biosynthesis genes which carried SNP variants included
coproporphyrinogen Il oxidase (Sb06g02814fat containech moderate effecgene variant,
two other genes coding foFAD binding domain containing proteins (Sb03g010340 and
Sb04g02805Q) a gssteine proteinaseniibitor preursor protein (Sb09g024230pnd a
magnesiurrprotoporphyrin Gmethyltransferase (Sb10g0021Gaatcarried several variants with
modifier effecs. Among the genes involved anlorophylldegradationpheophorbide a oxygenase
(Sb01g047120) ancked chlorophyll catabolite reductase gene (Sb01g0298@ttainedseveral
SNPs No variants affectingidorophyllasegene involved in chlorophyll catabolism were obtained
while variants forMg-dechelatase gene could not be tested as the structure ardeqlitis

gene still remains elusive to researchers
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Figure 2.1. (a) Variability in leaf color between yellow (left) and green (right) genotypes during
four sampling stages (S83); (b) RNA-seqexperimental design with replicated tissue samples
collected at S1 through S3 stages (color charts represent change of leaf phenotypes at different
growth stages); (c) Variation in leaf chlorophyll content between yellow and green genotypes at
four samplhg stages
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Figure 2.3. (a) Vem diagram showing DE genes involved in chlorophyll metabolism between
yellow and green genotypes at each sampling stage. Up andrdgulated gene bins involved
in photosynthesis light reaction occurring within chloroplast (b) at SO and, (c) at S3 Stages.
altered regulation of chloroplast gsmat SO are reflected by higher number of down regulated

gene bins as compared to S3 showing majority of not differentially expressed gene bins lead
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towards recovery of chlorosis symptom (Blue =ragulated, Greea downregulated, white =
not DE).
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Figure 2.4. Heatmap showinglustering pattern of the genes related to chloroplast and stress
response mechanisms (Green= daegulated, Blue = upegulated, Blacksot DE) at four
sampling stages from SO through S3.
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Figure 2.6. Clustering pattern of significant DE genes based on Log2 fold expression ratio

between yellow and green genotypes. The total number of significant genes that had significant
interactions with the sampling stage were grouped into 11 basic clusters. Qué@end 11

that contained 327, 46 and 28 genes which comprised stable, increasing and decreasing gene

expression ratios were excluded from further considerations.
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Table 2.1. Summary of pairwisetest comparisons for leaf chlorophyll content between yellow
and normal genotygeat each stage of sampling from SO through S3.

Meanof Meanof Estimated difference
Stage P value
yellow genotype  greengenotype between G vs. Y
SO0 (14D) 17.14 25.44 8.3 4.35E08
S1 (21D) 21.90 27.88 6.48 1.93E06
S2 (28D) 32.9 36.90 3.9 4.00E03
S3 (35D) 39.75 41.19 1.44 0.18
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Table 2.2. Summary of protein coding gene variaotshloroplast related gendsgferentially expressettom SOthrough S3.

Related metabolic

Gene containing or . . . Impact AGene pathway, cellular
adjacent to SNP SNP physical position (bp) ~ Effect and number of variants Type Annotation  component or biological
process
Sb01g047120 Chrl: 7023208%0240223 3'UTR variant (1) Modifier PAO Chlorophyll degradation
upstream gene variant (1) Modifier
Sh01g029900 Chrl: 5202025%2030063 56 UTR variant (2) Modifier RCCR Chlorophyll degradation
intron variant (2) Modifier
downstream gene variant (14) Modifier
Sb01g029910 Chrl: 520287552030063  missense variant (4) Moderate PPR RNA editing
upstream gene varia(t) Modifier
Sb03g010330 Chr3:1119428611202586 splice donor variant & intron variant (1) High GGR Chlorophyll biosynthesis
missense variant (2) Moderate
splice region variant & intron variant (1) Low
3' UTR variant (5) Modifier
downstream gene variant (3) Modifier
Sb03g010340 Chr3:111942861203488 upstream gene variant (29) Modifier ~ FAD Chlorophyll biosynthesis
downstream gene variant (2) Modifier
Sb03g046660 Chr3: 73748631773755943  missense variant (1) Moderate CAO Chloroplast precursor
56 Wariant (4) Modifier
intron variant (1) Modifier
downstream gene variant (8) Modifier
Sbh04g028050 Chr4: 5799291%7994773 downstream gene variant (1) Modifier ~ FAD Chlorophyll biosynthesis
Sb06g028140 Chr6: 56988358%6992081 missense variarfil) Moderate CPOX Chlorophyll biosynthesis
upstream gene variant (1) Modifier
Sb06g033030 Chr6: 6106315461067556 downstream gene variant (1) Modifier POR_A Chloroplast precursor
Sb08g018560 Chr8: 4875869€18777519  missense variant (2) Moderate DAPE Chloroplast precursor
upstream gene variant (23) Modifier
intron variant (1) Modifier
downstream gene variant (1) Modifier
Sb09g023130 Chr9: 5278209%2789596  missense variant (1) Moderate IF-2 Chloroplast precursor
upstreangene variant (3) Modifier
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Related metabolic

Gene containing or . - . Impact AGene pathway, cellular
adjacent to SNP SNP physical position (bp) - Effect and number of variants Type Annotation  component or biological
process
Sbh09g023140 Chr9: 5278643952789596 missense variant (1) Moderate MT Epigeneticmodifications
downstream gene variant (2) Modifier
Sb09g024220 Chr9: 5376732653771188 missense variant (2) Moderate HIL-TF Regulate Gene expressic
splice region variant (1) Low
3' UTR variant (1) Modifier
downstream gene variant (4) Modifier
Sb09g024230 Chr9: 537673263771188 upstream geneariant (3) Modifier  CPI Chlorophyll biosynthesis
downstream gene variant (13) Modifier
Sb09g029170 Chr9: 579317067934815 upstream gene variant (1) Modifier  KARI Chloroplast precursor
Sbh10g000400 Chr10: 163724175981 upstream gene variant (1) Modifier ~ GARS Chloroplast/mitochondria
downstream gene variant (2) Modifier precursor
Sb10g001390 Chr10: 1139316150458 upstream gene variant (2) Modifier  DAG Chloroplast precursor
downstream gene variant (22) Modifier
Sb10g001410 Chr10:11480961148761 missense variant & splice region varighy} Moderate Dnald Heatshock chaperone
3' UTR variant (2) Modifier
intron variant (1) Modifier
downstream gene variant (16) Modifier
Sb10g002100 Chrl0: 1772502774438  downstreangene variant (7) Modifier  ChIM Chlorophyliide a
biosynthesis
Sb10g003480 Chr10: 30520613067638 missense variant (1) Moderate CSase
intron variant (8) Modifier Chloroplast/chromoplast
upstream gene variant (3) Modifier precursor
Sbh10g029300 Chr10: 5914148%9145440 splice region variant (1) Low TL-16.5 Chloroplast precursor
upstream gene variant (1) Modifier
downstream gene variant (1) Modifier

ACAO= chlorophyllide a oxygenase, ChIM =magnesipratoporphyrin Gmethyltransferase, CPI= cysteine proteinase inhibitor precursor protein, CPOX= coproporphyrinogen Il oxidase, C¢
cysteine synthase, DAG=diacylglycerol protein, DAPE= diaminopimefgiteeraseDnaJ= chaperone protein DnaJ, FAD= FAD binding domain containing protein, GARS=-¢RA
synthetase 2, GGR = geranylgeranlyl reductase,-HiE histonelike transcription factor, H2= translation initiation factor 2, PAO= pheophorbide oxygenase, KARI= ketalcid
reductoisomerase, MT=methyltransferase, POR_A= protochlorophyllide reductase A, PPR= Pentatricopeptide repeat dorimgjrpooteiairRCCR= red chlorophyll catabolite reductase, TL
16.5=thylakoid lumenal 16.5 kDa protein
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Discussion

The total number of gemaodelsrevealed in our study was relatively lowempared to
the numberrevealed through the sorghum draft genome sequepoetedin 2009 (Paterson et
al., 2009) Apart fromlack of stranespecific information in cDNA alignmentghis could perhaps
be due tdow transcriptional activity of somef the genes during seedling stagétany of the
undetected genes could be exprddate thusre activateat adult plat stage or even further later
around physiologicamaturity. However, percentage of uniquely mapped reads observed in the
present study was higher as compared to some eRNigrseqgstudies that reported 67.1®ugas
et al., 2011pnd 83.1%Lu et al., 10). Thep-value distributions for read count comparisons at
each stage (Figure 2.2b) and markeligh Pearsoncorrelationsfor gene expression results
betweerbiological replicates (Figure 2.2ajell agree with previous RNAsegstudies(Dugas et
al., 211; Guo et al., 2013; Lu et al., 201This resultattestedhe high reproducibility of thelata
and further validated the quality of the data set

On the other hand, interaction of gene expression between genotypes and sampling stages
was evidentGenecluster set 1that contained genes related to chloropksi plantdefense
responses showedcreased early expression ratios thatreased towards last sampling, the
opposite behavior was observedaluster set 2Cluster set 2 genes includedpansis and
aguaporinswhich areexpressedunder drought stresewards proper wate@hannelingJones and
McQueenMason, 2004; Maurel et al., 2002YDP-glucosyltransferaseswvhich that help in
sucrose synthes(Singh et al., 1978ganthocyaninswhichreduce photexidativedamagedue to
degenerating chloroplasts under stresgmachotenitrogen recoverfrom senescing leavébloch
et al., 2001 )provided initial clues on an activated stress condition within yellow genotyye.

occurrencedf some gengwith similar functions in both sets of clusters could be explained in two
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ways. First, this kind of observation may be possible when certain pathways show both up and
down regulated genes throughout the sampling stages. Secondly, genes in a particuégr pa

may comprise variability in expression profiles, thus some genes could be highly expressed while
others are low expressed to assist the recovery process form the stress condition. For instance,
considering a particular stress response pathway, wiaijerity of the geneareup regulated, few

genes could still be down regulated (Fig@:®). These genes that are down regulated may
probably possess a repressor activity on one or more up regulated genes.

Plant response tdifferent types of stressesa$ beershown to be associated with the
generation of ROS. RO8hich is acommon signabf plant stress respons@§ia et al., 2009tan
damage cellular components througjsturing cellular redox homeostasi€ruz de Carvalho,

Maria Helena, 2008)Over-reduction of various moleculés frequently accompanied with rapid
increases in superoxide, hydrogen peroxide and hydroxyl radicals that belong t€CRQ %€
Carvalho, 2008). In the present study, enriched GO terms related to oxidative stress, phaspholip
and starch degradation, and observed-ogduced redox state (FiguPeb) suggested generation

of ROS due to early chlorophyll breakdovithile glutathiones-transferas¢GST)is considered

as a ROS scavenging systeéhat carres high antioxidant propéies (Alscher, 1989; Grant et al.,
1996)owing 1o its redoxactive thiol group thatanjugaeswith potentially dangerous xenobiotics
(Marrs, 1996)significant up regulation in GSin current study seemed bave helped alleviate
oxidative damage causedy generatedROS (Cruz de Carvalho, Maria Helena, 2008)
Neverthelesyur interpretationvas further supported by the observectéased activitgf several
otherstrong antioxidargt such adetanidin( Wy br ani ec and Mytochrantpe ws ki ,
450 (Sahoo et al., 2013; Saijo et al., 2008ycorbate peroxidas€Briantaphylides et al., 2008)

andglycein betain(lLv et al., 2007; Quan et al., 200dat are well known to play an important
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role in acquired toleranc® abiotic stresss such as drouglaind salinity The effectiveness of
theseantioxidantgs well reflected in Figur@.5that shows reduced redox stdering SOand S3
stagesHeatshock proteing1SP9 has an important role in assisting proper protein fol{ayges
and Ramos, 2005; Waltand Buchner, 2002nd expression of HSHs one of the most common
immediate responses to plant streBBus, simultaneousxpression of HSPs current study
implied posgle misfolding of proteins in yellowenotype The resultant heatshock geneiaat
in Sh109g001410 codinfpr DnaJ chaperone in the current study implied possible variant effect
towards increased haaibck protein expression uporeated stressondition

Because drmones play vital role in abiotic stress respsnse plants(Wilkinson and
Davies, 2002promoting survival or escapaechanismshrough modifying signal transduction
(Franklin, 2008) changes to hormonal networks was investigated. The result shoided w
variability in transcript abundandeed tohormonal network# curent study evidenced series
of defense responses activated dugetltow seedlingphenotype Rapid increases in endogenous
ABA levelsis characteristic tabiotic stressegsoda et al., 2008; Kilian et al., 2007; Zeller et al.,
2009) and up to 10% of proteiancoding genes are transcriptionally regulated by ABA
(Nemhauser et al., 200@T on the other hantias shown to play a significant role in response to
heat and osmotic stress Arabidopsis(Suzuki et al., 2005And salinity gress in soybearfMa et
al., 2012) Accordingly, ncreased ETand ABA signaling inyellow genotype ircurrent study
assented induced stress tolerance mediatethdse hormones.eSeral previous studies have
reportedaltered CK levels and mutants lackifumpctional CK receptors expressing resis&io
abiotic stresse§ Jeon et al ., 2010; Kang et al ., 2012;
2007) This matched with significamumber of down regulated gen€K biosynthetic genes in

our studySA is required for induimg stress resistance proteins such as antioxidants and HSPs and
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therefore SAdeficient plants cannot create an effective abiotic stress defense ¢(dteke et
al., 2004; Nawrath et al., 200Zyhough not listed among pathways with gigant activity,
probably due to reduced representation of the genes invalpedgulated HSPs confirmed the
involvement of SA pathway in stress response (Figuse GA signaling has shown to be quite
variable depending on the type of stress abiad@ion on plant¢Colebrook et al., 2014yhere,
in species such as ric®iyza sativa under submergence strg&ailey-Serres and Voesenek,
2010) arabidopsisArabidopsis thalianpandmaize(Zea maizeunder salinity, have shown to
trigger reduced>A signaling towards stress escgpehard et al., 2006; Magome et al., 2008;
Wang et al., 2008)while there is emerging evidence that GA may integrate multiple hormone
pathways in response to strédghard et al., 2006)rhus,alteredregulation in GA psynthesis
pathway genesbserved during ely stages suggested involvement@®A towards stress escape.
BRs carrya prospective role towards induced stress tolerance under elevated hydrogen peroxide
levels(Xia et al., 2009)drought, high or low tempeae, salinity and heavy metgBajguz and
Hayat, 2009; Hayat and Ahmad, 201®BRs have also been described as a booster of net
photosynthetic rat¢Hasan et al., 2011)0Observed increadeBR levels in our study further
confirmed its role towards stretsderance The overall hormonal coordination observegiasent
studycorroborategeveraktudies on plant hormonal cretsdk (Jaillais and Chory, 2010; Santner
and Estelle, 2009; Xiong and Yang, 2088ygesng theirimperative role directed towards stress
escape through modifications in gene regulation.

The gene expression profile between genotypes of contrasting leaf phenotypesaweal
gene expressiomechanisnthat either support increased activity of chlorgpptdegradation or
poor chlorophyll biosynhiesis in yellow genotype duringarly samplings Generally ALS

herbicide injury symptoms are slow thus upon herbicide application, takestwp tweeksto
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develop(Gunsolus and Curran, 2007he large overlapn DE transcripts between yellow and
green genotypesbserved aB0 and SktagegFigure 2.2a and 2.4nplied no interaction between
seedling leaf color and herbicide treatnthotsplantmechanismactivatedowards leaf yellowing
seems tdesimilarto theresponsgto herbicide treatmenThus it's obvious that yellow genotype
hasundergone a stress condititivat provoked more or less simitsanscriptional activity as a
plantsprayed with thé\LS herbicide Converselysimilar expressn profilesresulted foiS2 and
S3stagesKigure2.2a and 2.4)mpliedrecovery processés have initiatedluring S2 stagel'hus,

it is apparent that observed plaesponse areconsequenso f a fAdomi no ef fect o
altered regulation igenesspecifically linked to chloroplast (Figure 2.3&mong theresultant
SNP variant callsvariants orgeranylgeranyl reductag®b03g01033pthat carry high, moderate,
low ard modifier effectson protein functionseems to play aentralrole in reduced chlophyll
production.Geranylgeranyl reductase (GGRyolves ina key step in chlorophyll a biosynthesis
andprovidesphytol for chlorophyll (Chl) synthesi@ang et al., 2014)Tf'wo othergenes coding
FAD binding domain containing proteir{§b03g010340 an8b04g02805)) thatresulted with
several variants alscatalyzes GGR in two major steps in chlorophyll biosynth@&sdler and
Bouvier,1998 thuscarrya high likelihood of contributing to leaf yellowing symptom. Moderate
and modifier variants resultedrfCoproporphyrinogen Il oxidase (CEX) gene(Sb06902814pD
which is a major enzyme ichlorophyll a biosynthesis pathway | and Il anchlorophyll cycle
suggests an important role of this gene towards chlorotic symptom developfDysigine
proteinase intitor precursors (CPI) in chlorophyll biosynthesis invalve the reaction which
gives rise to coproporphyrinogen Ill from uosphyrinogen lllwhile magnesiunprotoporphyrin
O-methyltransferase (ChIM) gene is involved in chlorophylbd@osynthesis. Thus variants for

CPI (Sb09g024230) and ChIM (Sb10g002100) may also pose a negative effect on initial steps of
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chlorophyll biosynthesisThe reaction involving pheophorbide oxygnase(PAO) and red
chlorophyll catabolite reducat¢éBCCR) conplex is responsible for loss of green caloteaves
thusis considered a key stapchlorophyll catabolic pathwayhese two enzymese also known

to physically interact with each other during chlorophyll catabo(iBrmzinska et al., 2007; Rodoni
et d., 1997) Typically PAO and RCCRare highly upregulated when plants enter senescence
while their increased activity is restricted to senescence (Hortensteimdr 1995). Conversely,
staygreen genotypes of certain plant species are known to cdagtise PAO activity which
delays chlorophyll catabolisfRoca and Minguekosquera, 2006; Thomas and Howarth, 2000;
Vicentini et al., 1995)Modifier effectvariantsof PAO (Sb01g047120) andCCR(Sb01g029900)
genes (Tabl@.2) resulted in current studsuggest that chlorotic phenotypeay partly be due to
altered PAGRCCR regulabtn.

Thylakoid luminal 16.5 kDa protein coding gene (Sb10g029300%iwharried a low
impact splice variant, the gene codiolgloroplast/chromoplast precors(Sb10g00348p that
carried one moderate anf@w missense variants, and other chloroplast precursor genes
Sb03g046660, Sb06g033030, Sb08g018560, Sb099g023130, Sbh09g029170, Sb10g001390,
Sb10g000400 with several varianpgrhapscould be associated with chloroplast structural
transformations throughout the sampling stagé®r instance, when overexpressed
chlorophyllidea oxygenase (CAO) is known to enlarge the antenna size of photosystem Il in
ArabidopsigPSll) (Tanaka et al., 2001The misense variardnd few othewrariantsresulted for
CAO gene(Sb03g04666Qin present studguggestsa possibility for alteredPSll antenna size
leading to decreased capacity for chlorophyll produdtioyellow genotypeProteins containing
PPR motifs are important fexpression of ganelle genomes amdganelle biogenes{®elannoy

et al., 2007)PPR motifshistonelike transcription factorsVethyltransferaseimdependently help

70



regulategene expressiotihroughcreating epigenetic modificatior{Burley et al., 1997; Manna,
2015) Thus, noderate effect variants on PPR repeat domain containing protein (Sb01g029910),
Sb09g023140 coding for methyltransferase, and gene coding hik®rteanscripton factors
(Sb09g024220) perhapsave initiated or aggravated the regulation of chl@siplelated gees via

gene editing events. Though, ot grounds similar to conditions observedha presenstudy,
temporary ydbwing followed by regreeninghas been observed in variopleint species due to
transient differentiation stages of the aiolplasts(Egea et al., 2010; Mayfield and Huff, 1986;
Prebeg et al., 2008; Zavald#ancera et al., 1999 hus, gadual regreening of chlorotideaf
tissuegnirrored through changes in leaflorophyll contentsn yellow genotypdFigure 2.1a and

2.1b) suggestsievelopmental shitin chloroplastslirected towards rgreening process

Conclusion

Grower satisfaction and cultivar stability are important consideratioin® ideveloment
and deployment of new hybrids. The current study adddessncernsgseedling chlorosis and
stunting) that may arise following the deployment of herbicide resistant sorghum hybrids. The
result provided some clue on the pattern of gexjgression in sorghunsuffering fromleaf
chlorosisthat the bizarre phenotype wasplicated to be the result of mutations nmajor
chloroplast associated genes ttestulted in theialtered expression levelSorroborating results
from GO term and pathway analysispge of the SNP variants were directly associated with genes
responsite for chlorophyll metabolism and chloroplast structural componeessilting in
modified gene expressidn yellow genotypes that is similar fdant defense responses under
abiotic stressOther SNP variants appeared to occugénes responsible for n@lgting gene

expression The study laid groundwork on understanding the genetic basis behind unusual
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chlorotic phenotype observed irL& herbicide resistant sorghums. Once confirnfgeiSNPIoci
associated with unique expression pattern in affected geemtynay be targeted for marker

assisted elimination from breeding populations.
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Chapter3-Agr onathaptability, yield

C

o

nutritional L&t herbutedeofedn cttyamds

Abstract

Resistance to Acetolactate synthase (ALS) inhibitor herbicidestisipatedo offer an effective
postemergence weed control optionsorghum(Sorghum bicolofL.) Moench) Introgression of

the resistancerait from a wild relative into cultivated sorghum resultedthe development of
numerous ALS rastant parental lineDepending othegenetic background, many resistant lines
show \arious levels of inteweinal chlorosis at seedling stages. The objective of this study was to
examine the effects ¢éaf yellowingandherbicidetreatmenton plant performance. Thirtyiree

ALS resistant lines expressing varyidggree ofchlorosis were waluatedfor agronomic, yield

and nutritional attributealong with three checks fro2013through2015.The study consisted of

two experimentseparately focused onauating the physiologicand yield performance of the
tested breeding lines both witmd without the herbicide treatmemata were collected on
seedlingheight leafchlorophyll content antliomassl4 daysafter planting. At later stages, data
were recorded on days to anthesis, adult plant chlorophyll content, heighiomass panicle
length, panicle widthpanicle weightpanicle yield 1000 kernel weighdnd grain yieldAdditional
analysis orgrain nutritional attributes included grain protein, starch, fat and ash. Based on the
results, interveinal chlorosis on ALS resistant inbragpeas to delay floweringand perhaps
maturity. But, both chlorotic phenotype and herbicide treatment did not seem to have negative
effects on final yield and other crop parameters. Wéflew of the resistant parents have higher

protein content, the majity have nutritional attributes comparable to that of regular lines.
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Key words Sorghum bicolarALS herbicide resistance, interveinal chlorosis, chlorophyll

content, yield, nutritional traits.

Introduction

Ranked fifth among the majevorld cereals sorghum(Sorghum bicoloKL.) Moench)is
consideredan importantfood, feed and bienergy crop of global importanc8orghum feeds
millions of people in more thaB0 countries in Africa and Asia while it is usedths second
largest source of animaldd and biefuel feedstockin the United StatesAs the number one
sorghum producer and exporter in the world, the U.S. contributes @labal grain sorghum
productionof about 25%Hamman et al., 2001However, the area planted with sorghum in the
United States accounts only for ab®@t of the total land areeultivated tosorghunmworldwide.

While this seems to indicate a very positive achievement in improving sorghum productivity, there
has been a shageclinein sorghum acreage the U.S.over thepast few decade&valuation of

crop production trends in one of the largest sorghum producing, $atesas, indicatethatmuch

of the lostsorghumacres werepicked up bymaize According to local farmers, the major driver

for the switch from sorghunoimaizewasdue to a better weed control optiomatihe later offers

(pers comm). Thus the key issue in sorghum production in the United States that hasn't long been
answered is thiack of effective posemergence weed control optgon

Continued research in this area led to identification of sources of resistéinfedoe t ol act at
Synt hase (ALS) iamdéng Wwild sooghum papulaiion avhiah evespectedo
provide resistance bas@dstemergence weed control option for sorgh(iresso et al., 2011)

ALS herbicides are amongst the broadly marketed herbicide chemistries that act both on grass and

broadleaved weedsResistance gene from the wild sorghum wascessfullyintrogressednto
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cultivated sorghunwith the derivates expssing stable resistance as strong as in the original
resistance gene donddver the last few yeartgrge number of sorghum germplasm and parent
lines (inbreds) with strong resistance to all classes of ALS inhibitor herbicidese h&en
developed by sofmm breeding program at Kansas Stdteversity. These esistant sorghums
have shown ttolerate herbiciddoseghatare6 to 10x the normal use rate. Despite their relatively
long persistence in theoil, residual activity ALS inhibitor herbicides havmade them widely
popular in the farming communities due to their potency against both grass andelaxcstl
weeds, low cost and very low use rat@sershner, 2010) As the technology awaits
commercializationpne key concernamongboth the industry and producersis the interveinal
chlorosiscommonlyobservedn ALS resistantines.

Many of theALS resistant lines tend to show reduced seedling vigor and variable degree
of leaf yellowing atseedling stages. But tlexpression of such phenotype seems to be dependent
on genetidackground and is heritableThis was confirmed from evaluation of families derived
from backgrounds expressing different levels of the phenotyeelasooriya et al., 2012).
Though, the chloriic plants turn green and effectively grow out of these symptoms after few
weeks of emergencéhis abnormakeedling phenotype may become disturbing to growers and
undermine adoption of th&LS resistancéechnology.

Previous studies have shown tblakorophyll lossunder biotic an@biotic stressesan lead
to majoryield and biomass reductisrin crops(Hayatu and Mukhtar, 201Q)erhaps due to
compromised photosynthegRharrabti et al., 2001Although the yellowing phenotype observed
in ALS resistat sorghums is not the result of biotic or abiotic stresses, the significant reduction in
leaf chlorophyll content may be reflected in overall biomass accumulation or yield formation.

While such phenotype is expressed even without herbicide treatmernyelitvwing intensity
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seems to increases when herbicides are applied. Therefore, the objectives of this study were, 1) to
evaluate the extent of leaf chlorophyll loss among ALS resistant lines derived from diverse genetic
backgrounds an@) to investigatette effect the of seedling chlorosis and herbicide spray treatment

on plant physiological activities, yield components and nutritional properties of sorghum grains.

Materials and Methods

Two experiments were conducted in this study with herimentsconsistingof the
same set of genetic materiasxperimentl was conducted in single row pl®turing 2013 and
2014 seasomand was aimed at evaluating the impacts of ALS gene induced early season leaf
chlorosis on seedling dry matter accumulation andtgieowth characteristiosith and without
herbicide treatmenWherea&xperiment liwas carried out in two row plots during 2014 and 2015
seasons in order to evaluate the agronoamd yield parameters with and without herbicide

application

Geneticmaterials

A total of 36 sorghum inbred lines resistantA@.S inhibitor herbicide were included in
the study. The test genotypes commi@@ALS resistanB-lines(female parentsp ALS resistant
R-lines (male parentsand another 3 ALS resistant linlsem the 2007 releases. Selection of the
entries was primarily based on tariationin the degree of leaf chlorosis that the materials suffer
and, not on their fertility reaction. Thus the entries selected for the study captured the spectrum of
theinterveinalseedlingchlorosisobserved in the larger nurseRrgure 3. depicts the phenotypic
appearance of the typical yellow and green genotypes grown side by side. As a negative control,
ALS herbicide susceptible standard pollinator parent Tx430 wasirattuded. The list of test
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entries is provideth Table3.1 and the same $égenotypes were used in bakperimens | and

Experimental design and field nanagement

Prior toplanting, seeds were cleaneohd surfacesterilized using standagbrghum seed
treatment (anixture of Maxim 4FSM, Apron XL™, Concep IIi™, and colorant)in preparatio
for planting, three grams afeeds enough to plant 5 m long single row were packeted for
Experiment I. A plot was represented by a single 5 m tomgin Experiment | and by a double
row in Experiment Il. The design in both experiments was-pfaitwith randomized complete
block replicated two and three times in Experiment | anek$lpectively. The herbicide treatment
was assigned to the maifopwhereas the 36 genotypes were assigned to thplsubnit.

At planting, the seeds were drilled ifdaneterlongrows spaced 0.75 m apart using a cone
planter.Fertilizer nitrogen (urea) and phosphorousgeiimoniumphosphate, DAP) were applied
atthe rate oP0 kgha1 and 40 kgha?, respectivelyPreemergence weeds were controlled with
0.55 kghal Atrazine™, 0.76kg ha® Dual Il Mg™, and, 0.16 kdha® Callisto™ while post
emergence weeds were removed manughyee weeks after plantinghele plot unitslesignated
for herbicide treatment inXperiment | and Il were treated with 2x raf®0%08 g a.i. ha?) of

herbicide accent.

Data collection
Data were collected on a numberagfronomical, physiological angeld parametersn
both experimentsin Experiment |, leaf chlorophyll content, plant height, days to flowering and

above ground biomass were measured at seedling and adult plant stage (at 4 and 10 weeks after
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planting, respectively). Visual ratings of leaf coloration was recbrdeu s i Mg a&as cfal e wi
l=extrene yellow, 2= greenish yellow, 3= yellowish greers #Aormal green. Chlorophyll
measurements were taken us8f§AD-502 chlorophylimeter (Spectrum Technologikg.) using
three plants per plot. At seedling stage, chloytiphading was made on the second fully expanded
leaf from top whereas the pfiag leaf was used later at grain filling. Seedling height was recorded
as the length of the plant measured from the soil level to the tip of the most top leaf and from the
ba® to the tip of the panicle in adult plants. Total above ground biomass was measured using
destructive sampling of three plants per plot at both early and adult plant stages. Fresh plants were
harvested at the base, and weighed on a tabletop balanceeandrd a70°Cfor three days.
The biomass was then adjusted &80 moisture conterfor statistical analysifays toflowering
wasrecordedn plot basiss the number of dayom planting tovhen half of the plants in a plot
reachechalf-bloom stage.

The main parameters collected under Experiment Il include adult plant chlorophyll content,
days to flowering, adult plant height and, grain yield and yeeltponents, panicle weightield
per panicle, kernel number per panicle, thousand kernel weighicle length, and panicle width
The following outlines the@roceduregor determinationof yield componentsinderExperiment
Il. Panicle samples (three from each plot) were harvested after maturity and oven dried at 65°F for
three daysPanicle weighbn plot basis was determined as the average weight of three individual
panicles harvested’he dry panicles were thehreshed usin@ beltthresher (Model SVPT,
Almaco) Kernel weight per panicle was measured as the weidtgroels thresheger individual
panicle. Number of kernefger panicle was determined by counting the kernels thrésiraceach
panicle using aeed countgiModel 8503, International Marketing and Design Corfhousand

kernel weightwas estimated by dividing thganicleyield by the number of kernels per panicle
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multiplied by 1000.The mearyield component data from three panicles was used to represent a
plot for statistical analysisAdditional samples were collected from the herbicide treated whole

plot unit for determining thautritional profile of herbicide treated ALS resistant genotypes. Seeds
from three panicles harvested in each plot were bulked to pool large enough sample (40g or more).
The nutritional quality analysis was performed using near infrared spectroscopysystiein

(Perten Instruments Inc.) poalibrated for use on sorghum grain. The seed samples were carefully
cleaned to remove chaffs and broken seeds and the intact seed samples were scanned to obtain
protein, fat, starch, ash, and moisture content fromirtteet seed samples. The results were

adjusted to 12.5% moisture before statistical analysis.

Statistical analysis

For both experiments, statistical analysis was performed using SAS software version 9.4
(SASInstitute, 2008)Analysis of variance (ANOX) was performed using a mixed model (PROC
GLIMMIX) procedure with environments aneéplicates treated as random efe@&ignificant
means between herbicide treatments and genotypes were sepsiragedi scher 6 s pr ot ec
in SAS. The data in both eepments was rarranged to test the effects of seedling color on both
seedling growth parameters and adult plant performance including yield and yield components.
Pearson correlation coefficient was using PROC CORR proceducedetermine theegree of

correlation between measured parameters

86



Results

Figure 3.1a shows the visually observable variability in seedling phenotype between the
yellow and green genotypes while Figure 3.1b shows the appearance of the same genotypes after
the leaves weree-greened. A closep of a seedling leaf bearing interveinal yellowing symptom
is shown in Figure 3.1dFigure 3.2a presents valility for leaf chlorophyll content observed
between herbicide treated genotypes expressing chlorotic and normal phenaotypesach
environment. Based on the results of thests, during seedling stage, the difference between
SPAD values under both environments were highly significant. However, at the adult plant stage
SPAD value difference between yellow and normal geresty@as notsignificanty differert as
inferred from the pvalues. On the other hand, above ground biomass showed significant
differences between chlorotic and normal genotypes during seedling stage under environment 1
but was not significant under enviroent 2 (Figure 3.2b). Differences between two groups of
genotypes foradult plant biomass and chlorophyll contemére nomsignificant under both

environments.

The effect of herbicidetreatment and interveinal chlorosis on plant growth
characteristics

Tables 3.2 and 3.3 present the analysis of variance for the effect of herbicide treatment and
seedling chlorosis across the ranggehotypes omrrop growthand phenology evaluated under
Experiment |. Herbicide treatment had significant effect on seetlinght, seedling and adult
plant biomass, while the effect on other parameters was not significant (Table 3.2). On the other
hand, the effect of genotypes was significant for all parameters collected while the interaction

between herbicide treatment x g&ype, genotype x environment and the three way interaction
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(herbicide treatment x genotype x environment) were also significant for all parameters except for
seedling and adult plant height (Table 3.2). The effect of environment was significant for all
parameters except adult plant chlorophyll content and seedling height. AN@WA was run
after the data was rearranged by seedling color, the analysis revealed that herbicide treatment again
has significant effect on all parameters except on adult pléorogihyll content, adult plant height
and days to flowering (Table 3.3). The effect of seedling color on these parameters, on the other
hand, was highly significant except for adult plant height and adult plant biomass. The effect of
environment was agasignificant for all parameters except for seedling height. The interaction
between seedling color and herbicide treatment was not significant except for seedling chlorophyll
content and seedling biomass while seedling colmvironmentnteractioneffed was significant
for seedling biomass and days to flowering. The three way interaction between these factors
(seedling coloi herbicidetreatmentx environment) was significant onfpr seedling biomass.
The herbicide treatment, genotype and seedlingraifects for individual environment analysis
was fairly consistent with the combined data for most of the parameters (Tables 3.2 and 3.3).
Mean seedling chlorophyll content between herbicide treated and untreated plots was 28.3
and 29.1 SPAD units, resgtively, and was virtually the same (55.4 and 54.4) in adult plant
showing that ALS herbicides do not have any effect on chlorophyll biosynthesis in ALS resistant
genotypes (Table 3.4). Herbicide treatment also did not have an effect on days to fl@amdring
adult plant height. However, seedling height, seedling and adult plant biomass were significantly
lower in herbicide treated plots (Table 3.4). On the other hand, genotypes with conspicuous
seedling chlorosis tended to have reduced seedling growthactlastics. Accordingly
chlorophyll content, height and biomass in genotypes with yellow seedling phenotype were

significantly lower than those not affected by yellowing. Mean seedling chlorophyll content in
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yellow genotypes was 25.4 units compared &b 12ormal green genotypes. Also seedling height

and biomass in affected genotypes was 16.8cm and 32.4g as compared to 18.2cm and 43.6 g,
respectively, in genotypes not affected by yellowing. However, all of these characteristics were
not affected in adulplant except days to flowering which took an average of 73 d in yellow
genotypes vs. 71 d in normal green genotypes.

The mean performance of the 36 genotypes for various parameters with and without
herbicide treatment is presented in Table 3.5. Seediilogaphyll content was markedly different
between genotypes ranging from the lowest of 13.4 units in herbicide treated yellow background
(PR12/137646) to 40.4 units in MN13¥450 also under herbicide treatment. The-AbS
resistant check Tx430 had meaedling chlorophyll 38.3 SPAD units in untreated control which
was comparable with 39.1 units in MNX350, 35.9 units in MN13458 and few other resistant
genotypes. No comparison of chlorophyll content was made between the herbicide treated and
untreatectontrol of the susceptible check as it died after being treated with the herbicide (Figure
3.1d). Chlorophyll content was generally low in yellow backgrounds than the normal and near
normal green genotypes. While the majority of the entries had lowerophldl contents, the
chlorophyll content of a large portion of the herbicide treata@des wereslightly higher than the
untreated control after treated with the herbicide and this is especially true in the green
backgrounds while chlorophyll content iany of the yellow genotypes was either reduced or
remained the same after herbicide treatment resulting in significant seedling color x herbicide
treatment interaction for the trait.

Days to flowering among the entries ranged from as early as 59 d ir3{vi888 to 84 d
in PR11/12851 in untreated plots. The check entry Tx430 took 68 d to bloom. Herbicide treatment

appear to have caused a little delay in flowering which was consistent across genotypes except a
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handful of entries withyellow backgrounds #it seem to have been not affected by herbicide
treatment or even had accelerated flowering under herbicide treatment. Seedling height and
biomass were visibly affected by herbicide treatment with treated plots having reduced height and
lower biomass and hwas consistent across all genotypes (Table 3.5).

The centerpiece of this study was to determine if the yellow seedling phenotype has an
impact on growth and adult plant performance. Hence correlation analysis was run between
seedling chlorophyll coent and various seedling and adult plant characteristics. The result shows
that seedling chlorophyll content was positively and significantly correlated with seedling height
and seedling biomass under herbicide treated and untreated conditions inttssthdess (Table
3.6). Whereas, it was negatively correlated with days to flowering and adult plant height in
environment 1 and the correlation was not significant in environmettzer adult plant
characteristics including biomassd adult plant chleophyll contentwere not correlated with
seedling chlorophyll content indicating that the effect of this phenotype was limited to seedling

growth only (Table 3.6)

Effect of herbicide treatment and interveinal chlorosis on adult plant performance

The analysis of variance on the effects of herbicide treatment and seedling chlorosis on
phenology, yield and yield components tested uBstperiment Il are presented in Tables 3.7 and
3.8. The analysis shows that both herbicide treatam@hseedling cbkosishad significant effect
on days to flowering and panicle length while the effect on all other parameters was not significant.
On the other hand, the genotype, environment and genotype x environment interaction effects were
significant for all paramets studied except the genotype effect on grain yield and environment

on chlorophyll content were not significant (Table 3.7). Genotype x herbicide treatment effect was
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significant for days to flowering and panicle length while genotype x herbicide tr#atme
environment interaction effect was significant only for days to flowering. The effect of these
factors under individual environment analysis was generally consistent with the combined
analysis. Further analysis was conducted after sorting the gesdbypseedling color and the
result shows that herbicide treatment effect was again significant for days to flowering and panicle
length whereas seedling color effect was significant only for days to flowering, panicle width
(diameter) and TKW and not sifieant for all other traits. All interaction effects were not
significant for all traits except seedling color x environment effect for grain yield (Table 3.8).
Again the individual environment ANOVA was similar to the combined analysis except few traits
showed significant for seedling color effect.

The combined mean for the various traits of genotypes subjected to herbicide treatment
and untreated control is presented in Table 3.9. As indicated in the ANOVA in Table 3.8, only
days to flowering and pangllength were significantly affected by herbicide treatment. That is
herbicide treatment delayed flowering by an average of 3 days while panicle length was 1.2cm
longer in the treated plots. Individual location analysis shows that the difference fotréiisse
between treated and untreated plots was significant only under envirotinagrt not under
environment 2TablesB.5 andB.6). All other traits were not affected by herbicide treatment with
grain yield, though not significant, was slightly higherdean herbicide treatment (3.3 vs. 3.5
tons/ha). The effect of seedling color on adult plant performance was not significant for most of
the traits except days to flowering that was delayed in the chlorotic genotypes by an average of 2
days and panicle widttmat was slightly larger in the normal green genotypes (Table 3.9).

The effect of genotypes on all traits measured was significant under both herbicide treated and

untreated conditions except grain yield. Mean plant height of ALS resistant genotypaekfrang
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89 to 138cm in the control and 90 to 131 in herbicide treated plots of genotypesNB®and
MN13-7500, respectively (Table 3.10). The check genotype Tx430 was about 116cm tall without
herbicide treatment. Similar variability was observed foro#tler traits. Thdongest maturing
genotypeflowered 14 daysafterthe normal check genotype Tx430. HowevEéB genotypes out
36 were earlier than this check. For the yield components, out of the total of 36 ALS resistant
genotypes included, 16, 18, 20da83 of them had mean panicle width, panicle length, panicle
weight and KN larger or equivalent to the check genotype Tx430 (Table 3.10). However, only
three and six genotypes had mean panicle length and grain yield higher than the check while none
were siperior to the check for TKW. Comparison with the check was not possible under herbicide
treatment, but except for days to flowering,eide did not affect any othémait measured. The
result was fairly consistent across locations as well though femtgees apparently showing
differential response for some of the traits. Correlation between the different yield components is
presented in Table 3.11. All measured yield components as well as chlorophyll content and pant
height showed positive and sigodnt correlations with the grain yield across environments except
for days to flowering that showed significant inverse correlations with all measured parameters
except with panicle length. No correlations were observed for chlorophyll content withguigimit
or kernel number. At the same time, kernel number per panicle did not show any correlations with
thousand kernel weight. All correlations between other parameter pairs were significant and
positive across environments.

Because the resistance trat introduced from wild background, it is possible that
undesirable alleles can drag with the resistance genes that may compromise productivity or
utilization of the crop. Hence, in addition to the agronomic parameters, tests were conducted to

evaluate nuttional profile of the ALS resistant materials. The results are presented in Tables 3.12
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3.14). The combined analysis of variance showed significant genotype effect for all nutritional
parameters including protein, starch, fat and ash content (Tablg Brb2ein content among
genotypes ranged from 12.4 to 17.0 while starch ranged from 71.6 to 76.8%. As expected the
genotype with the highest protein content had the lowest starch. The fat content ranged from 4.8
to 5.2 % while ash was between 1.33 and4dl(Table 3.14). There was no significant difference
between yellow and green genotypes for any of these traits both in the combined as well as

individual location analysis (Table 3.13).
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Figure 3.1. ALS resistant genotypes expressing yellow (left) and green (right) seedling
phenotypes (a) at seedling stage (three weeks old) and (b). after recovery of the yellowing
symptom (six weeks old). (cA closeup of interveinal yellowing symptom on leavéd).
Appearance of an ALS herbicide resistant genotype (left) and herbicide susceptible check

(Tx430) one week after the herbicide treatment.
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Figure 3.2. A modified version of multiple boxplots displaying variability between genotypes showing seeding yellow and normal
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Table 3.1. List and some of the characteristics of the ALS resistant breeding lines included in the
study.

Fertility Reaction with Resistance to ALS

Genetic Material Seedling Color

Al cytoplasm Herbicides
PR12/13764-4 Maintainer (B) Yellow Resistant
MN13-7450 Maintainer (B) Green Resistant
MNQ7-2118 Maintainer (B) Yellow Resistant
PR12/137635 Maintainer (B) Yellow Resistant
PR12/13762-2 Maintainer (B) Yellow Resistant
MN13-7455 Maintainer (B) Yellow Resistant
PR12/137633 Maintainer (B) Yellow Resistant
PR11/12873 Restorer (R) Yellow Resistant
MN13-7458 Maintainer (B) Green Resistant
PR12/13764-6 Maintainer (B) Yellow Resistant
PR12/137631 Maintainer (B) Green Resistant
PR12/13761 Maintainer (B) Yellow Resistant
MNO07-1916 Restorer (R) Green Resistant
MN13-7840 Restorer (R) Yellow Resistant
MN13-7498 Maintainer (B) Green Resistant
MN13-7462 Maintainer (B) Green Resistant
PR9/1047201 Maintainer (B) Yellow Resistant
PR11/12984 Maintainer (B) Yellow Resistant
PR12/13764-1 Maintainer (B) Yellow Resistant
MN11-10362 Restorer (R) Yellow Resistant
PR12/13762-1 Maintainer (B) Yellow Resistant
PR11/12850 Restorer (R) Yellow Resistant
PR11/121026 Maintainer (B) Green Resistant
MN13-7499 Maintainer (B) Yellow Resistant
PR12/137634 Maintainer (B) Yellow Resistant
MN13-7463 Maintainer (B) Yellow Resistant
PR11/12851 Restorer (R) Green Resistant
PR12/13764-2 Maintainer (B) Yellow Resistant
PR12/13764-3 Maintainer (B) Yellow Resistant
MN13-7838 Restorel(R) Yellow Resistant
MN13-7500 Maintainer (B) Yellow Resistant
MNO07-2165 Maintainer (B) Yellow Resistant
PR12/13763-2 Maintainer (B) Green Resistant
MN13-7439 Maintainer (B) Green Resistant
PR11/12852 Restorer (R) Yellow Resistant
MN13-7923 Restorer (R) Green Resistant
Tx430 Restorer (R) Green Susceptible
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Table 3.2. Analysis of variance for physiological and agronomic characteristics of ALS
herbicide resistant sorghur8drghum bicolofL.) Moench) genotypes evaluated with and
without herbicide treatment.

Chlorophyll Content

Plant height Biomass

Source of variation  df (SPAD) ° ﬂDays_to

Seedling Adult Seedling Adult Seedling Adult owering

plant plant plant

Combined analysis
Environment (E) 1 1360.6** 98.0 3.1 5191.5* 3476.53* 188616** 606.6*
Block/E 2 7.7 22.8 1.3 5.9 42.3 1656.4 18.7
'(*Te)rb'c'de teatment 1 540 95 4303+ 33  1790.9¢ 41744*  203.3*
TXE 1 115.3 82.1 18.3 99.1 54.3 7753 11.6
Error a 2 22.2 9.1 54 42.1 86.3 97.7 10.8
GenotypgG) 35 401.2** 108.5** 23.7* 152* 811.6** 35774*  337.5%
GxT 35 25.1** 41.7** 5.3 101* 180.6** 7774.6**  14.6**
GxE 35 22.2*%* 42.7** 7.3 53.2 358.7** 5792.5**  65.3**
GXTxE 35 25.4** 34.3** 4.4 9.9 137.5** 4392.3**  21.2**
Error b 104 9.3 6.3 45 53 548 55.2 4.0
Environment 1
Block 1 11.3 5.84 1.9 0.6 6.2 2756.2 54
T 1 746.7* 153.4 318.8** 265.5** 6836.8** 2777.2 58.7
Error a 1 0.92 4.0 3.6 0.1 188.2 2916 1.4
G 35 226.0** 117.8** 21.5** 158.9** 879.3** 21875* 129.2**
GxT 35 12.8** 64.2** 8.47 8.2 153.7* 7063** 8.2**
G x Block 35 34 2.6 6.9 0.9 68.5 2314.7 1.6
Error b 35 3.0 2.4 7.6 0.7 102.1 2462 0.7
Environment 2
Block 1 3.9 54.2 0.55 11.1 57.7 556.5 32.1
T 1 1422.5* 0.3 134.4* 66.7 757.1* 116719* 156.2
Error a 1 43.2 7.1 7.3 64.0 46.2 2753.6 20.2
G 35 197.4**  32.5** 8.8**  46.3** 281.0** 19692** 273.6**
GxT 35 37.6** 12.2 1.3 11.8 161.0* 5104.1** 27.6**
G x Block 35 13.6 14.0 15 9.8 28.8 743.1 10.5
Error b 35 175 6.5 1.9 9.9 22.4 1183.8 7.3

* and** statisticallysignificant atP ¢ 0.05 and 0.01, respectively

97



Table 3.3. Analysis of variance for physiological aagronomic characteristics of ALS
herbicide resistant sorghur8qrghum bicolofL.) Moench) genotypes of contrasting seedling
color (yellow vs green) evaluated with and without herbicide treatment.

Chlorophyll

Plant height Biomass
. content Days to
Sources of variation  df Adult  flowerin Adult Adult
Seedling g Seedling Seedling
plant plant plant
Combined analysis
Environment (E) 1 1130.0** 149.2* 838.5** 9.2 4157.5** 5508.7** 140997**
Block/E 2 7.6 21.6 18.7 1.3 5.8 35.5 38883
Herbicide treatment (T) 1 163.2* 80.0 181.1 399.8** 49.9 2633.6* 1656.4*
TxE 1 13.0 81.3 30.7 10.0 23.5 325.8 546
Error a 2 22.0 10.0 10.8 5.2 42.0 91.0 2834.8
Color(C) 1 6087.9* 23.7 192.5* 122.6** 109.1 8043.2** 16071
CxT 1  305.9* 14.2 0.001 0.7 24.4 1176.0** 187.1
CxE 1 12.1 67.3 296.1* 15.8 107.3 2685.2** 10383
CxTxE 1 20.5 0.8 48.4 55 25.2 741.9* 80.9
Error b 4 41.5 315 56.2 6.8 30.3 170.8 7567.3
Environment 1
Block 1 12.7 5.7 2.1 0.6 0.7 138.9 2462.2
T 1 514.9* 62.6 31.3 270.2** 313.9** 9338.8** 1966.1
Error a 1 0.9 4.0 1.3 3.6 0.09 135.9 2916.0
C 1 2778.2** 5.6 483.0** 114.2** 216.4* 9938.3* 309.3
CxT 1 83.9 11.0 23.9 1.1 49.7 1886.3 257.0
C x Block 1 1.3 0.1 4.7 2.6 0.1 662.7 0.1
Error b 1 41.7 47.6 31.9 10.5 41.1 219.5 8609.1
Environment 2
Block 1 3.8 42.3 32.0 0.5 5.8 48.0 520.0
T 1 1661.2* 23.5 180.5 140.4* 59.5 589.3* 104463**
Error a 1 43.2 4.9 20.2 6.9 84.0 46.2 2753.6
C 1 3321.8* 84.2 55 24.9% 0.003 719.4* 26144~
CxT 1 242.5 4.2 24.5 5.0 0.003 24.9 10.9
C x Block 1 0.08 15.8 0.8 0.03 4.7 0.5 2.8
Error b 1 42.0 15.8 81.2 3.2 19.8 120.6 6636.0

* and** statistically significant aP ©0.05,and0.01, respectively.
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Table 3.4. The combined mean of the effect of herbicide treatment and seedling phenotype on physiological and agronomic charBcteristics
ALS herbicide resistant sorghurf@drghum bicolofL.) Moench) genotypes evalted with and without herbicideeatment.

Chlorophyll content Plant height .
_ Days to Biomass(g)
Treatmeneffect (SPAD units) . (cm)
: Flowering : :

Seedling Adult Plant Seedling  Adult plant Seedling  Adult plant
Herbicide
Untreated 28.3(x0.32) 55.4(+0.46) 71.6(x0.32) 18.5(x0.22) 116.0(x1.45 38.7(x1.5) 326.8(%7.6)
Treated 29.1(+0.32) 54.4(x0.46) 73.2(x0.32) 16.0(x0.22) 114.3(x1.45 33.7(x1.5) 302.7(x7.6)
Mean 28.7 54.9 72.4 17.3 115.2 36.2 314.8
ALSD ns ns ns 0.62 ns 3.65 21.2
Seedlingcolor
Yellow 25.4(x0.52) 54.7(+0.4) 73.0(x0.55) 16.8(x0.20) 116.3(x1.25 32.4(x1.3) 309.5(%6.6)
Normal 35.2(x0.74) 55.3(¢x0.6) 71.1(x0.78) 18.2(x0.29) 113.0(x1.77) 43.6(x1.8) 325.4(+9.3)
Mean 30.3 55.0 72.1 17.5 114.7 38.0 317.5
A_SD 1.80 ns 1.88 0.71 ns 3.69 ns

A SD = Least significant difference; ns = not significant
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Table 3.5. Combined data for phenology and growth characteristics of ALS herbicide resistant sorghum genotypes evalaatdd with
without herbicide treatment during the 2013 and 2014 seasons.

Chlorophyll content (SPAD units) Davs to flowerin Plant height (cm) Biomass (g) ASeedlin
Genotype Seedling Adult plant Y 9 Seedling Adult plant Seedling Adult plant color 9
Untreated Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated
MN13-7450 39.1 40.4 56.3 57.2 69.0 69.0 19.9 17.3 105.8 99.0 22.7 19.1 477.2 345.7
MNO07-1916 34.4 38.8 63.0 60.9 65.3 66.5 19.0 17.6 111.0 1035 445 41.4 2480 253.7
PR11/121026 34.6 38.6 55.0 58.7 68.3 68.5 19.8 16.9 119.3 108.8 47.0 58.8 256.0 302.2
PR12/13763-4 34.4 334 48.2 41.9 77.5 76.3 17.5 16.6 99.5 112.3 37.1 35.0 404.0 256.9
MN13-7462 345 38.3 57.6 58.7 66.0 65.8 19.3 16.8 110.8 104.0 29.4 15.8 322.7 215.2
MN13-7458 35.9 37.9 50.3 54.7 68.3 66.8 20.9 18.3 111.0 1125 426 38.1 328.2 2090
MN11-10362 31.4 33.2 56.5 56.1 74.8 79.5 19.0 17.8 131.3 132.0 40.6 32.2 417.5 461.2

PR12/13763-1 31.1 37.9 52.6 45.1 78.5 75.0 17.8 15.0 107.8 108.0 41.7 38.3 4600 374.3
PR12/13763-2 31.8 37.1 51.6 45.0 78.5 83.8 17.0 14.4 112.0 1145 58.8 54.9 246.4 2485
PR12/137635 33.1 32.9 55.3 38.1 73.8 80.3 17.9 16.2 111.0 113.0 23.2 22.4 332.3 285.8

MN13-7439 29.2 36.8 56.1 55.9 67.5 66.8 21.4 17.4 128.8 123.3 46.4 29.8 356.7 297.9
PR12/13763-3 28.4 31.5 52.7 55.0 77.5 81.0 17.6 16.2 108.0 112.8 20.8 20.6 388.8  249.3
MN13-7923 34.3 35.3 57.3 49.0 63.3 71.0 19.9 16.8 105.8 103.8 26.6 34.2 325.7 2931
MN13-7498 32.8 34.6 55.3 54.1 63.0 65.0 20.9 19.2 116.3 107.0 49.6 31.8 293.7 3448
MNO07-2118 29.7 33.1 55.0 53.6 65.0 65.5 18.0 16.1 1148 1085 62.1 41.3 2451 2140
PR11/12851 31.2 32.2 62.6 59.0 84.0 89.0 19.5 16.2 120.8 1185 56.0 38.7 331.1 4011
MN13-7463 34.8 31.7 54.3 57.7 67.0 67.0 19.7 18.0 1155 1110 222 30.6 3215 2734
PR11/12852 30.4 314 54.9 55.4 83.3 88.5 18.5 16.2 1255 1263 414 26.6 3152  367.2
MN13-7838 29.6 314 57.4 59.3 59.5 63.0 18.6 16.5 107.3 99.0 22.7 28.7 2151  209.9
MN13-7840 30.7 30.3 58.2 57.2 61.5 63.5 20.7 18.0 106.3 103.3 50.1 33.3 279.3  220.6
PR11/12873 28.2 29.0 56.1 58.8 75.3 79.0 24.5 16.0 113.3 113.0 241 26.8 438.8  408.2
PR11/12850 28.3 29.5 58.5 58.7 76.8 84.3 18.6 16.1 125.0 1345 38.0 37.1 390.2 3550
PR11/12984 28.6 28.7 61.4 51.1 67.8 69.0 171 15.3 110.0 1118 619 41.9 2755 300.4
MN13-7455 26.8 26.4 56.0 60.1 67.3 66.8 20.4 17.6 106.3 107.0 32.1 441 329.3 2729
MN13-7499 29.1 26.0 56.5 56.9 62.8 64.0 19.7 17.9 106.3 106.0 35.8 32.1 2928 2732
MNO7-2165 22.3 21.8 56.6 61.1 74.8 73.5 18.3 14.2 92.3 96.0 48.5 38.7 2955 2714

PR12/137622 23.3 21.3 56.1 55.2 74.3 78.3 15.4 14.3 109.3 110.3 437 22.3 3390 330.1
PR12/13762-1 22.6 20.6 56.2 56.4 73.0 73.3 16.5 14.5 1145 1183 20.0 18.1 293.8 273.5
PR12/13764-2 18.9 18.9 52.5 53.2 72.5 73.0 16.8 13.8 1345 1295 25.7 20.8 295.7 276.8
MN13-7500 19.9 17.9 52.3 55.3 74.3 76.0 18.7 15.8 1385 1313 39.6 445 496.1 4719
PR9/104720-1 194 17.8 56.0 57.6 76.5 78.8 15.6 15.1 1275 1245 33.0 34.6 3212 426.6
PR12/13764-3 22.0 17.7 49.1 52.4 73.0 71.8 18.2 14.6 1285 1345 34.5 27.6 2954 2515
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Chlorophyll content (SPAD units) Davs to flowerin Plant height (cm) Biomass (g) ASeedlin
Genotype Seedling Adult plant Y 9 Seedling Adult plant Seedling Adult plant color 9
Untreated Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated
PR12/13761 19.4 17.2 53.8 53.5 79.0 79.3 13.8 12.6 106.0 104.0 31.4 38.2 295.2 265.6 Y
PR12/13764-4 18.2 15.9 53.6 53.4 75.3 75.5 16.7 15.1 142.8 128.8 50.9 437 250.9 239.7 Y
PR12/13764-1 19.4 14.3 58.3 52.7 74.0 74.5 15.7 14.9 133.8 128.5 31.5 30.7 269.4 3217 Y
PR12/13764-6 20.7 13.4 53.2 51.9 73.0 72.8 16.8 13.8 1245 121.8 56.3 40.3 3250 238.7 Y
Tx430 38.3 - 57.3 - 67.8 - 17.8 - 108.3 - 37.6 - 352.6 - G
Mean 28.3 29.1 55.4 54.4 71.6 73.3 18.5 16 116 114.2 38.7 33.7 327.5 3000 -
YLSD 4.8 4.2 4.5 5.1 5.7 5.8 4.03 3.8 20.2 18.4 12.5 11.3 24.0 26.4 -

ASeedIirg color Y= yellowandG = Green

Y LSD = Least significant difference.
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Table 3.6. The correlation between the seedling chlorophyll contents and physiological
parameters measured at seediindg adult plant stage.

Parameter tested against Environment 1 Environment 2
Seedling chlorophyll content Untreated Treated Untreated Treated
Seedling height 0.41** 0.71** 0.34** 0.27*
Seedling biomass 0.69** 0.72** 0.29* 0.25*
Days to flowering -0.52** -0.50** -0.11 -0.15
Adult plant height -0.58** -0.50** -0.05 -0.04
Adult plant biomass -0.13 -0.25 -0.12 -0.15
Adult plant chlorophyll content 0.13 0.16 0.29 0.30

* and** statisticallysignificant atP ¢ 0.05and0.01, respectively.
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Table 3.7. Mean squares for agronomic characteristics and yield components of ALS herbicide resistant ssogionm(bicolo(L.)
Moench) genotypes evaluated with and without herbicide treatment under Experiment II.

Sources of variation df Chlorophyll Plant Daysto Panicle Panicle Panicle Panicle ‘ ) Grain
content height flowering length  width weight yield AKN YTKW yield
Combined analysis
Environment (E) 1 127.1 6348.0** 569.4* 952.6* 44.2* 220237** 66035** 54373*  896.1** 952711*
Block/E 4 51.0 33.2 67.5 6.4 0.30 453.0 374.4 1567 11.7 11522
Herbicide Treatment (T 1 47.8 3.0 675.0**  142.9* 0.02 436.4 0.2 205.2 6.0 42986
TXE 1 4.0 149.3 37.0 2.4 0.7 324.3 0.8 5690 3.9 40401
Error a 4 16.7 39.3 16.4 10.7 1.0 295.0 157.6 3174 1.7 29270
Genotype (G) 35 38.0** 150.5**  433.2** 41.8* 4.1*  3476.2** 1849.7** 30130** 75.1%* 36202
GxT 35 7.8 8.2 44.7* 6.3* 0.4 493.9 298.2 3545 11.6*  54478**
GXxE 35 18.3* 38.8 107.3** 9.8* 1.1*»*  1679.1** 826.2**  12310** 12.2*  54372**
GXxTXE 35 8.3 8.0 48.2** 7.2 0.38 447.0 267.5 3556 8.6** 54372
Error b 136 8.7 6.6 20.1 3.8 0.47 381.1 212.5 2963 4.7 30373
Environment 1
Block 2 59.9 27.3 98.2 13.2 0.5 623.2 296.2 119056 9.8 26105
T 1 15.9 97.3 856.0*  222.1* 2.6 4.6 4.3 216230 54.5%* 55972
Error a 2 4.6 59.0 0.7 194 0.8 224.5 146.7 211682 2.7 24642
G 35 36.9** 73.5%* 410.4*  30.7** 2.0  1926.8** 1088.9** 1410415* 42.7**  151073*
GxT 35 11.3 11.3* 64.6 9.6 0.4 544.8* 288.3 367180 16.8** 48387
G x Block 70 9.8 9.0 18.7 4.9 0.4 378.3 230.3 374295 7.0 32262
Error b 70 12.1 6.2 18.6 3.6 0.5 436.1 223.5 347011 7.3 45544
Environment 2
Block 2 43.6 39.1 36.9 0.02 0.1 268.5 445.5 180260 11.9 106426
T 1 40.1 55.0 56.0* 22.7* 3.2 764.8 0.08 277924 17.7 2119.0
Error a 2 30.6 19.6 32.2 1.0 1.1 392.6 169.3 444663 1.3 466089
G 35 18.5** 115.7*  130.1** 21.0** 3.2*  3217.6** 1582.0** 2813183** 44.1** 3616335*
GxT 35 5.1 74.9* 48.3 12.8 0.3 314.7 237.0 291438 3.2 441975
G x Block 70 6.6 4.9 22.0 3.1 0.4 316.8 183.5 215840 2.4 195551
Error b 70 6.6 6.4 21.1 3.5 0.5 395.7 213.4 251142 2.1 270025

AN = Kernel number per panicléTKW = thousand kernel weight;@nd** statisticallys i gni f i ¢ a and0.04, tespéctiveély. 0. 0 5
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Table 3.8. Mean squares for agronomic characteristics and yield components of ALS heréststient sorghunsorghum bicolo(L.)
Moench) genotypes with contrasting seedling color evaluated with and without herbicide treatment under Experiment .

Sources of variation df Chlorophyll Plant Daysto Panicle Panicle Panicle Panicle ‘ ) Grain
content height flowering length  width weight yield AKN TKW yield
Combined analysis
Environment 1 106.8** 5964.0** 663.2* 825.4** 36.0** 185031** 55613** 4289522**  840.8** 992194*
Block/E 4 512 33.2 67.5 7.4 0.3 504.1 392.3 160946 11.6 123020
Herbicide Treatment (T 1 32.1 4.4 585.0*  108.1** 0.02 329.9 3.0 1308.2 4.2 23377
TXE 1 17 111.2 33.3 81.1 4.7 167.8 6.2 746830 60.8 69935
Error a 4 16.9 39.3 16.4 12.1 1.0 335.0 193.8 367695 1.9 31382
Color(C) 1 571 23.3 321.4* 0.2 4.9* 2774.5 667.1 157753 159.0** 3842
CxT 1 83 2.0 0.8 3.1 0.05 11.2 1.2 719.0 11 13583
CxE 1 0.2 40.0 95.3 4.6 0.9 2228.7 726.9 2361440* 6.1 24384
CxTxE 1 1538 8.5 5.1 0.4 0.2 408.8 226.1 400246 0.2 55944
Error b 8 11.7 21.6 65.8 8.0 0.8 756.8 411.4 612431 11.9 35789
Environment 1
Block 2 423 10.6 99.2 21.3 1.2 1116.1 488.9 209496 11.9 2753638
T 1 3.2 80.0 778.7**  185.0* 2.1 8.5 0.2 299127 38.1 7713986
Error a 2 33 59.0 0.7 23.3 0.9 282.5 237.4 313044 24 1781969
C 1 537 1.1 33.3 3.2 5.0* 429.4 149.4 1727806 50.3* 89186
CxT 1 233 1.1 0.9 0.7 0.2 247.5 98.6 169965 1.2 490706
C x Block 2 3.9 30.0 9.7 17.6 1.5 1819.3 279.4 1146043 0.8 5738478
Error b 2 153 19.3 93.1 9.8 0.7 667.8 378.5 542189 15.1 4322051
Environment 2
Block 2 442 27.6 43.5 1.0 0.2 392.7 549.7 239630 16.7 1187869
T 1 3838 35.5 39.7 0.9 2.7 487.6 9.1 410515 16.7 650567
Error a 2 30.6 19.6 32.2 1.0 1.1 392.6 169.3 444663 1.3 4660897
C 1 437 62.2 383.4** 1.3 0.7 15.0 97.3 657306 115.2** 2482073
CxT 1 06 9.4 5.1 3.0 0.01 143.2 97.9 185796 0.1 6502150
C x Block 2 27 7.5 11.3 6.9 0.2 203.9 119.6 96173 7.8 611853
Error b 2 8.2 23.9 39.6 6.2 0.9 839.5 441.8 681141 8.9 2897860

AN = Kernel number per panicléTKW = thousand kerneteight; *and** statisticallys i gni f i ¢ a and0.04, tespéctiveély. 0. 0 5
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Table 3.9. The combined mean of the effect of herbicide treatment and seedling phenotype on agronomic parameters@ngonelats of
ALS herbicide resistant sorghur@drghum bicolofL.) Moench) genotypes evaluated with and without herbicide treatment.

ot fomae o oawe  PEE oy ok oranye
Herbicide

Untreated 55.9(+0.39) 115.3(+1.0) 72(x0.45) 27.2(+x0.16) 5.8(x0.04) 98.8(+x1.34) 65.2(x1.15) 25.5(+0.20) 2563(+36.62) 3334.7(+136.60)
Treated 56.6(+0.39) 114.0(+1.0) 75(+0.45) 28.4(+0.14) 5.9(+0.05) 100.8(+1.44) 65.1(+x1.21) 25.3(x0.19) 2567(+37.94) 3509.7(+137.49)
Mean 56.3 114.7 73.5 27.8 5.8 99.8 65.1 254 2565 3422.2

' LSD ns ns 1.55 0.61 ns ns ns ns ns ns
Seedling color

Yellow 55.9(+0.20) 114.3(+0.82) 74(+0.48) 27.7(+x0.19) 5.8(+x0.06) 98.0(+x1.61) 63.8(+x1.40) 24.95(x0.20) 2548(+50.76) 3457.1(+118.36)
Normal 56.9(+0.29) 114.1(+1.01) 72(+0.68) 27.8(x0.27) 6.0(x0.08) 103.4(+2.29) 68.0(+x1.99) 26.26(+0.28) 2588(+72.04) 3397.4(+168.29)
Mean 56.4 114.2 73 27.7 5.9 100.7 65.9 25.6 2568 3427.2

' LSD ns ns 1.65 ns 0.19 ns ns 0.75 ns ns

ATKW = Thousand kernel weightN = Kernel number per panigle
' LSD = Least significant differencés = not significant.
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Table 3.10. Combined mean for agronomic characteristics and yield components of ALS herbicide resistant sorghum genotypes evaluated
with and without herbicide treatment.

Plant height Days.to Panicle lengtt Panicle width Panicle yield Panicle weght YKN ATKW Grain yield ' SC
Genotype flowering

Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt
MNOQ7-2165 88.8 905 757 725 240 267 51 55 434 521 684 79.2 2234 2160 20.5 24.0 2076.1 4502.9

PR11/12984 113.8 1125 678 69.7 246 278 57 63 551 636 841 959 2230 2603 24.7 24.3 3481.5 50925
MN13-7450 107.0 105.0 76.5 743 26.7 287 68 6.9 725 723 113.7 119.8 2772 2738 26.2 25.7 3914.0 34144
PR11/12851 108.8 118.3 74.7 858 282 291 52 44 570 353 856 614 2024 1327 283 26.2 3109.0 3296.7
PR11/12873 110.0 1145 757 812 304 316 53 54 67.2 751 97.7 1090 2314 2545 29.2 29.0 3558.7 4278.3
PR11/121026 122.0 1145 712 70.7 291 284 69 70 855 80.8 125.0 115.0 2895 3029 295 26.6 3081.0 49245
MNO7-1916 110.5 1095 59.8 67.7 240 249 53 52 400 380 66.1 67.2 1632 1516 245 253 3691.2 3619.1
MN13-7455 113.0 1093 70.2 68.7 324 332 64 70 756 795 117.2 1248 3227 3353 234 23.6 41432 37224
MN11-10362 126.3 1275 755 812 296 309 53 54 709 648 1029 106.0 2504 2817 24.9 225 35019 3312.2
MN13-7439 1245 1238 70.2 73.7 299 291 6.6 6.2 89.2 747 1291 107.4 3446 2945 258 253 30279 4205.0
PR9/1047201 120.0 1195 753 803 279 281 59 59 788 657 1124 106.8 3321 2647 235 242 2769.8 3384.2
PR11/12850 1255 1283 785 86.7 261 30.1 53 47 633 536 810 801 2160 1927 28.6 27.0 2522.6 51545
MN13-7923 1125 1105 69.0 695 29.0 277 53 50 542 522 846 80.6 2254 2116 24.1 24.4 2859.0 29705
MN13-7463 1205 1168 645 698 326 315 63 6.0 805 782 1204 120.2 3476 3339 23.1 23.3 3348.0 2950.7
MN13-7840 106.3 1018 67.2 71.0 246 257 57 56 534 540 820 815 2154 2272 245 239 2993.0 5889.9
PR12/13763-3 107.0 107.0 78.0 83.8 265 268 58 52 682 607 1027 97.2 2945 2584 226 227 2679.1 4074.1
PR11/12852 1143 121.3 858 89.8 255 292 44 44 388 275 481 59.8 1126 1334 249 225 28823 4506.3
MN13-7838 111.8 103.8 58.8 66.7 240 259 52 51 508 528 780 803 1894 1834 265 285 3640.5 4102.6
MN13-7462 116.8 1158 685 687 283 281 70 65 865 753 131.8 120.8 3698 3074 23.2 24.6 3697.8 2757.4
PR12/137622 102.0 103.3 743 782 256 271 59 57 606 587 947 950 2442 2455 24.8 234 42645 23494
MN13-7499 118.3 1180 64.0 653 282 288 6.2 56 718 76.2 1056 107.1 2534 2630 285 28.8 2740.1 2526.8
PR12/137641 125.0 122.0 718 725 274 276 6.3 59 737 734 1139 1105 3024 2956 24.4 247 4257.0 3544.6
MN13-7500 138.3 1313 720 733 293 307 57 59 771 73.6 1123 103.7 2242 2534 344 29.0 2724.7 23835
PR12/137632 113.3 120.8 745 84.7 277 283 57 6.2 702 780 1049 1194 2806 3252 24.6 23.1 34935 3007.7
PR12/137621 109.3 113.0 73.3 737 278 284 59 6.2 67.8 622 1052 103.2 2724 2593 247 240 4891.1 2613.1
PR12/13761 96.3 100.8 76.8 80.2 26.1 298 57 64 578 720 909 1183 2429 3014 23.0 23.2 34176 2621.1
MNO07-2118 110.0 1145 693 695 26.7 274 56 59 531 556 886 89.7 2042 2103 26.1 26.3 2999.5 3457.1
PR12/137634 113.3 1155 78.0 815 276 276 57 56 69.8 584 1060 92.2 2771 2520 25.7 22.7 4028.0 2459.9
PR12/137631 1045 1095 79.8 76.3 256 304 53 6.2 56.6 87.0 89.9 1296 2631 3424 21.1 254 3533.1 3949.6
MN13-7458 1155 1195 698 68.7 26.1 287 63 71 61.2 833 902 120.1 2141 2550 28.4 324 31229 2814.1
PR12/137644 126.8 127.0 735 788 274 283 6.1 57 684 678 1052 1005 2764 2740 24.6 24.0 3720.2 2903.9
PR12/137646 113.8 1125 728 730 272 261 6.0 6.0 734 599 1100 96.7 3005 2390 24.3 246 4080.7 38654
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Days to

Plant height . Panicle lengtt Panicle width Panicle yield Panicle weght YKN ATKW Grain yield ' SC
Genotype flowering

Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt untrt  Trt Untrt  Trt  Untrt Trt untrt Trt
PR12/137642 126.3 1245 73.2 707 281 284 64 65 745 76,5 1195 1185 3113 3103 235 24.4 24453 32080 Y
PR12/137643 118.8 123.0 73.3 713 256 277 63 6.2 616 712 1004 111.0 2526 2921 24.2 241 2960.2 2683.2 Y
PR12/137635 110.0 112.0 81.7 85.0 256 270 54 55 57.8 57.0 87.0 90.1 2543 2483 224 225 2774.6 24821 Y
MN13-7498 118.0 1155 655 623 243 258 59 6.2 706 788 1023 1134 2223 2480 31.8 31.8 3610.1 33210 G
Tx430 115.8 - 72.3 - 30.0 - 5.9 - 68.1 - 99.4 - 1974 - 35.0 - 3956.0 - G
Mean 115.3 114.0 724 749 272 284 58 59 652 651 988 100.8 2562 2563 254 25.2 3334.7 3509.7 -
LSD 165 138 58 53 358 375 08 10 238 252 369 399 192 184 3.09 368 5049 5102 -

AN = kernel number per panicléf[KW = thousand kernel weight
I SC= Seedlingcolor Y = Yellow G = Green;
TLSD = Least significant difference.
Untrt.= without herbicide treatmenTrt. = Herbicide treated.
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Table 3.11. Correlation coefficients between all tested parameters across environments under Experiment 1.

Chlorophyll Plant

Days to

Panicle

Panicle

Panicle Panicle AN

Parameter content height  Flowering length  width weight yield TKW
Plant height 0.08

Days to Flowering -0.13* -0.12*

Panicle length 0.18** 0.51**  -0.04

Panicle width 0.11* 0.27**  -0.31* 0.37**

Panicle weight 0.12* 0.55**  -0.27* 0.64* 0.79*

Panicle yield 0.12* 0.51**  -0.29* 0.59* 0.77* 0.96*

KN 0.08 0.39**  -0.21* 0.56* 0.76® 0.90* 0.92*

YTKW 0.12* 0.38**  -0.32* 0.25* 0.23* 0.36* 0.43* 0.04

Grain yield 0.14* 0.39**  -0.21** 0.33* 0.26* 0.48* 045* 042* 0.19*

AKN = kernel number per panicl&fKW = thousand kernel weight;
* and** statistically significant atP ¢ 0.05,and0.01, respectively.
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Table 3.12. Analysisof variance for nutritional parameters among ALS resistant genotypes
subjected to herbicide treatment.

Sources of Variation df Protein% Fat% Starch% Ash%
Combined analysis

Environment (E) 1 421.3* 1.39 171.47* 0.39*
Block/E 4 0.5 0.10 0.16 0.02
Genotype (G) 35 5.10** 0.05** 9.27** 0.04**
GXxE 35 25.93** 0.03* 1.28** 0.01**
Error 130 0.36 0.01 0.463837 0.01
Environment 1

Block 2 0.42 0.03 0.003 0.01
G 35 3.26** 0.04* 5.46** 0.02**
Error 70 0.39 0.02 0.46 0.002
Environment 2

Block 2 0.65 0.003 0.32 0.004
G 35 2.58** 0.04*** 5.09** 0.02**
Error 70 0.33 0.02 0.45 0.005

* and** statisticallysignificant atP ¢ 0.05,and0.01, respectively.
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Table 3.13. Analysis of variance for nutritional parameters among ALS resistant sorghum
expressing normal and yellowish seedling phenotypes following herbicide treatment.

Sources of Variation df Protein% Fat% Starch% Ash%
Combined analysis

Environment (E) 1 349.6** 1.4* 153.8** 0.4*
Block/E 4 0.5 0.1 0.2 0.02
SeedlingColor(C) 1 7.8 0.03 0.03 0.01
CxE 1 0.3 0.05 0.7 0.02
Error 4 1.6 0.03 2.9 0.01
Environment 1

Block 2 0.4 0.2 0.02 0.01
C 1 2.6 0.08 0.2 0.03
Error 2 1.8 0.03 3.0 0.01
Environment 2

Block 2 0.6 0.003 0.3 0.04
C 1 4.6 0.002 0.5 0.01
Error 2 1.3 0.02 2.8 0.02

* and** statisticallysignificant atP ¢ 0.05,and0.01, respectively.
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Table 3.14. Mean protein content, starch, fat and ash among ALS resistant sorghum genotypes
subjected to herbicide treatment.

Breeding line Protein%  Fat% Starch%  Ash% Seedlingcolor
PR11/12851 17.0 5.0 71.6 1.70 Green
MNO07-2118 16.7 5.1 73.1 1.51 Yellow
MN13-7838 16.1 4.8 70.4 1.69 Yellow
PR11/12852 15.7 5.1 71.7 1.61 Yellow
MNO07-1916 15.6 4.8 72.5 1.66 Green
PR12/13762-2 14.8 5.0 74.1 1.67 Yellow
PR11/121026 14.8 4.9 75.1 1.53 Green
MN13-7458 14.7 5.3 76.8 1.38 Green
MN11-10362 14.7 5.0 74.2 1.44 Yellow
MN13-7923 14.6 5.0 73.9 1.62 Green
PR12/137642 14.5 51 74.2 1.52 Yellow
PR11/12850 14.3 5.1 72.8 1.53 Yellow
PR12/137644 14.2 5.1 74. 1.54 Yellow
MN13-7439 14.2 5.1 73.9 1.45 Green
PR11/12984 14.1 4.8 73.8 1.62 Yellow
MN13-7499 14.1 5.0 74.5 1.50 Yellow
PR11/12873 14.0 5.0 73.2 1.41 Yellow
PR12/13762-1 13.8 5.1 74.8 1.58 Yellow
MN13-7462 13.8 5.0 74.1 1.53 Green
MN13-7498 13.7 5.1 76.5 1.38 Green
PR12/137631 13.6 4.9 71.6 1.47 Green
MN13-7500 13.6 5.2 76.1 1.33 Yellow
MN13-7840 13.6 4.9 73.8 1.63 Yellow
PR12/13763-3 13.4 4.9 71.6 1.48 Yellow
MN13-7450 13.4 4.9 73.7 1.47 Green
PR12/137641 13.3 5.1 74.7 1.46 Yellow
PR12/13764-6 13.3 5.1 74.6 1.43 Yellow
PR12/137643 13.2 5.0 74.6 1.47 Yellow
PR12/137635 13.0 4.9 71.7 1.51 Yellow
MN13-7455 12.9 5.0 74.0 1.35 Yellow
PR12/137634 12.9 4.9 71.8 1.47 Yellow
PR12/13761 12.9 5.1 75.1 1.47 Yellow
MNO7-2165 12.8 5.2 76.0 1.35 Yellow
PR12/13763-2 12.8 4.9 72.5 1.46 Green
MN13-7463 12.5 4.9 74.7 1.41 Yellow
PR9/1047201 12.4 5.1 74.9 1.41 Yellow
Tx430 13.9 4.9 72.9 1.58 Green
Mean 14.0 5.0 73.8 1.5 -
A_SD 2.9 0.3 2.1 0.14 -

A SD = Least significant difference
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Discussion

Crop establishment is an important prerequisite for successful crop production. This includes
optimum germination and vigorous seedling gro{®har and Stewart, 1994; Maulana and Tesso,
2013; Yu and Tuinstra, 20010 sorghum, some of the yield components are determined as early as
30 d after germinatioMaman et al., 2004; Wrather, 2008ncein addition to fixing the crop stand
and reducing weed competition, timely germination and seedling vigor have impytanbmic
implications. While germination is not an issue in herbicide resistant sorghums, reduced seedling
vigor and low photosynthetic efficiency of chlorotic plants observed in some of the ALS resistant
genotypes have been a source of concern (Weergaaral., 2012). These characters are visible
before herbicides are applied hence the concern about yield drag associated with ALS resistance
seems real.

In this study we investigated the effects of both herbicide application and reduced seedling
growth associated with interveinal chlorosis in some of the ALS resistant genotypes. In general,
herbicide treatment markedly reduced seedling growth which agtpdeave interfered with biomass
accumulation in adult plants (Tal8et). Though our speculationas that tk effect of herbicide on
adult plant biomass may alée reflected omgrain production the second experimeshowed not
significant effect of herbicide treatment on grain yield. Nevertheless, not all genotypes are equally
sensitive to herbicideeatment that some 30% of the treated entries had higher or comparable adult
plant biomass with the untreated plots while 33% of the entries have higher or similar seedling
biomass (Tabl8.5). The significant herbicide treatment x genotype interactiserold in this study
(Table3.2) perhaps arises from differential response of genotypes. This result agrees with previous
observations with other chemicals (atrazine amesotriong where sorghum genotypes respond
differently to herbicide treatmen{abit et al., 2009; Ahrens et al., 1981 addition, the arbitrary

chemical dose used in this study may also be partly responsible for the current result. Since ALS
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herbicides are not labeled for use on sorghum, the currentwaiteh is twice the recommendeise

rate formaize may be too high that crop recovery from herbicide injury was not fast enough. ALS
herbicides can kill susceptible sorghums3a03 g ai. ha! (Anonymous., 1993jvhereas the rate
used in this experiment wd€508 g a.i. ha. In addtion, this sampling is conducted on individual
plant basis which introduces some sampling,l@ad the result needs to be confirmed on larger plot
experiments on nembred genotypes.

On the other hand, seedling chlorosis hadynificant effect on seedling growth and biomass
(Table3.4). Reduction in leaf chlorophyll contefthlorosis) is often considered asiadicator of
plant stresgTjoelker et al., 1993)Thus, plants subjected to various types of abiotic strespess
different degree of chlorophyll breakdowdnandabhiram and Sailen Prasad, 2012; Sanchez et al.,
1983) However, the chlorotic phenotypes being studied in this experiment are not caused by any of
these stresses. As compared to the normal (green) gesdtypehlorotic genotypes were 28, 8 and
26% less in seedling chlorophyll content, seedling height and biomass, respegdialaly3.4).
Perhaps due to the effect on seedling growth, floweringnlorotic plants is delayed by twaays.

All these paramets were not affected in adult plant indicating that the yellowish seedling phenotype
is a temporary growth phenomena that may not have any effect on adult plant performance.

The effect of herbicide treatment and seedling color on yield componenthanddult plant
characteristics was markedly different from that of the seedlings. Despite its significant effect on adult
plant biomass as tested under Experiment | (T3l all agronomic and yield parameters were not
affected except days to flowerifigr both seedling color and herbicide treatment, panicle length for
herbicide treatment and, panicle width and thousand kernel weight for seedling color, grain yield and
yield components were not affected by herbicide treatment under Experiment |l (F@&8e%). The
data on Tabl&.4 where adult plant biomass was affected by herbicide treatment was collected on

individual plant as opposed to Tat8&® where grain yield wasecorded on whole plot basis. The
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yellowish phenotype in ALS resistant lines eeg® in different ways. Most genotypes emerge yellow

and the phenotypes persist for a substantial period of seedling growth before it disappears which again
is different in different backgrounds, whereas others emerge fairly green but suffer from yetibwing
later stage. Thiphenomenoris further complicated by herbicide treatment. Thus it is possible that
some genotypes may continue to express the yellow phenotype until later seedling growth stage that
there was a concern thphenomenomight affect someof the yield components. However, the
current result removes some of these worries. Grain yield in 50% of the tested genotypes was higher
in treated plots than in the untreated and over 60% of these are genotypes from yellow background
(Table3.10) showimg that herbicide treatment does not compromisel yatl yield components even

in genotypes that are suffering from yellowing. Therefore, despite the fact that seeing sorghum field
turning yellow is not pleasant, the phenomena has no impact on yieldigioteas though other

genes dragging from the wild resistance gene donor may compromise yield, the yellow phenotype in
itself do not seem to cause a yield penalty. Moreover, not all genotypes are sensitive to seedling
chlorosis thus selection for backgraisnexpressing little or no yellow phenotype can eliminate the
undesirable characteristics. Moreover, neither herbicide treatment nor seedlingasohopact on
nutritional composition of ALS resistant sorghums. Although, there is significant differeraega

the genotypes for all nutritional attributes measured, the values are puthlishedrange of normal
sorghum not subjected to herbicide treatniPesthale et al., 1970; Deyoe and Shellenberger, 1965;
Edwards, 1943; Hubbard et al., 1950; Jambumedimal Subramanian, 1988; Mohan, 1968; Singh and
Axtell, 1973b; Wall and Blessin, 197(Moreover, genotypes of yellow seedling background as well

as the susceptible normal sorghums were not different from the green background types for grain

nutritional caonposition.
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Conclusion

Loss of greenness upon stress conditions is a general terudesecyedn crop plants. Despite
the unattractive appearance and delayed flowering associated with growth retardation observed
during seedling stages, ALS resistant genotypes carrying leaf chlorosis symptom did not seem to
cause any substantial effect on plant perfance in terms of both yield and yield components,
agronomic and nutritional attributes. Though, the tested genotypes showed differential response to
the herbicide treatment, majority of the genotypes that showed improved yield performance upon
herbicidetreatment implied potential for practicing selection among the backgrounds with ALS
herbicide resistance. While, further research is needed for correcting the observed abnormal seedling
phenotype towardsmely delivery of the ALS resistant technologythe industriescurrent results
revealed considerable capacity of ALS resistant genotypes towards improved agronomic and yield

traits accompanied by reduced seakmy weed competition.
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Chapter4-Agronpmr €Eor maocgehwinr i ds r esi

to ALS and ACCase inhibitor

Abstract

Thoughstill placed second among the major feed crops grown in the U.S., Sor§oughi§m

bicolor (L.) Moench)acreage took aharp decline ovethe past few decades. Among the many
factors responsiblfor this decline includéetter weed control options that competing crops have
offered. Sorghum farmers craved for years for an effectivegrostgence weed control option.

The dscovery of the ALS and ACCase resistance traiferal relativesof sorghumopened the

way for breeding herbicide resistance in to cultivated sorgfAimase developments have been
received with much optimism for improving management of grass weedsgimusorThe ALS

trait offers resistance to a wide range of ALS herbicide chemistniggsnanyresistant plants tend

to show interveinal chlorosis and reduced seedling vigor during seedling stages. While this
phenotype persist for onfew weeksit is obvicusly not desirable. Moreover, tpeenotypanay
possibly harm yield potential and grain quality. Moreover, because the resistance gene donors for
both ALS and ACCase inhibitors come from wild relatives, there is a growing concern that some
wild characterigcs may drag in to the cultivated types to undermine yield potential. The industry
is already speculating on how much yield penalty farmers are willing to accept while at the same
time paying more for the resistance technology. It will be of signifia#tetest to both growers

and industries to clear these to facilitate the deployment of herbicide resistant hybrids in production

fields. The objective of this study was to evaluate the agronomic adaptability, yield potential and
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grain and nutritional quaiit attributes of ALS and ACCase resistant hybrids as compared to

regular grain sorghum hybrids.

Key words Sorghum bicolarALS herbicide resistance, ACCase herbicide resistance, yield drag,

nutritional attributes.

Introduction

In the commeral agriculture of the western worldse ofherbicides habecome the major
production input. Almost all major crops have benefited from the revolution that discoveries in
herbicide chemistry have brought t oly,desptel mana
the second most important feed grain in the wortdlglsumwas almost left out of any major
breakthroughs that transformed the production of other crops. Hence, regardless of its inherent
high yield potential, sorghurtrails other crops in pragttivity. One of the technologies where
sorghum was left behind is the technoldigat facilitate weed control

Sorghum is naturally resilient to marginal growing conditions but due to its slow growth at
crop establishment phase sorghum is relativelyoar gompetitor against early season weed
flushes. Grass weed infestatjon particular is the greatest constraint to sorghum production in
the mechanized world. While the adoption of modified rate epfaet weed control options from
other crops have lged to control preemergence weeds sorghum(Phillips and Ross, 1964;
Wiese and Rea, 1962)he lack of post emergence weed management options have severely
undermined the productivity of the crop.

Grass weeds such as crab grass, rye gsas$tercan@and johnsograss are among the

most problematic weeds in sorghum fields. The morphological similarity of these weeds to the
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sorghum crop make their management even more complicated as herbicides effective against these
weeds can equally harm the crop. Tdevelopment of glyphosate resistance has made these
problems a history in many other major crops. The technology allowed over the topthse of
ARundupod to burn any vegetation i nin200589%f i el d:
of maize 94% of soybeans, and 89% obtton produced in the United States were glyphosate
resistant (roundupeady) USDA-ERS, 201} Sorghum failed to benefit from this technology

both due to its recalcitrance to genetic transformgi@m et al., 1998and simplereluctanceo

deploy the technology in sorghum. The technology did not only leave out sorghum from benefiting
but also put it at a disadvantage by increasing the fitness of the competitive crops and as result led
to its displacement by others causing untaarm to growers whose livelihoods are largely
dependent on sorghum.

A limited grower funded research support at Kansas State University provided to study
weed management options in sorghum led to the discovery of resistance sources to Acetolactate
synthase (ALS) inhibitor herbicides among shattercane population. A parallel effort elsewhere also
identified sources of resistance to acetyeoaymeA carboxylase (ACCase) inhibitor herbicides.

Both sources expressed stable resistance to all faroilieg ALS chemistry and the FORmily

of the ACCase chemistry by tolerating the chemicals up 10 times the recommended use rates. This
discovery attracted so much enthusiasm because of the possibility to develop and deploy herbicide
resistant sorghum on to whidver the top grass and breksdf killer herbicides can be applied.

If successful this will be the first neBM herbicide resistant sorghum ever developed. The
resistance traits were quickly intorgressed into cultivated sorghum and by 2007 partially

introgressed families of both-Bind Rline backgrounds were transferred to the industry.
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The ALS is thefirst enzymein the biochemicapathway thateads to the synthesis of
branchedhain amino acigl valine, leucine, and isoleuci®lcCourt and Duggleby2006; Shaner
et al., 1984; Yu et al., 2010} is the target ofive ALS-inhibiting herbicide chemistries, namely
sulfonylurea (SU), imidazolinone (IMI), triazolopyrimidingyrimidinyl-thiobenzoates, and
sulphonytaminocarbonyltriazolinon€¢Oard et al.,.2006; Yu et al., 2010)Resistance to these
herbicides igesulted from a mutation that caused a tryptophan residue to be replaced by leucine
(Trp-574-Leu) in the ALS protein ACCase on the other hanckatalyzes the first step in lipid
biosynthesisn plants byadding a carboxyl groupnto the common metabolitecAtylcoenzyme
A to form MalonykcoenzymeA (Délye, 2005; Ohlrogge and Browse, 1999)here are three
distinct chemical families that are known to inhibit ACCase, namasfipxyphenoxypromnate
(APP),cyclohexanedione (CHDand phenylpyrazoli(PPZ)(Hofer et al., 2006; Yu et al., 2007)
Resistance in the new sources was conferred by a mutation at 2027 residue of the of ACCase
protein resulting in replacement tiyptophanby cysteine(Trp-2027%Cys) (Petit et al., 2010;
Raghav et al., 2016; Yu et al., 200Resistance to both herbicide families was due to altered
chemical property of the ALS and ACCase proteins caused by the mutations which prevented the
chemicals from binding effectivelgountering their inhibitory activity.

While the deployment of ACCase resistance trait is awaiting clearance from the country
where the source originated, efforts to deploy the ALS resistance trait is in progress. Due to the
fact that both resistance tswere introduced from a wild species of no agronomic desirability,
there is concern that unwanted wild traits may have dragged along that can compromise yield
potential. Though arget sitebased genetic mutations endowing herbicide resistikedhese
oneshavenot been shown tmegativéy affect plant fitnessand growth (Délye, 2005; Yu et al.,

2010).The low seedling vigor and interveinal chlorosis observed in ALS resistant sorghums have
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elevated this concern thttis phenomenomay translate into l@er yields. Seed producers are
speculating how much yield penalty farmers are willing to accept in addition to the premium price
they are expected to pay for the trait. Thus this study was initiated to address these concerns by
evaluating the agronomic aptability, yield potential and grain and nutritional quality attributes

of hybrids carrying the ALS, ACCase and both ALS and ACCase resistance traits as compared to

regular grain sorghum hybrids.

Materials and Methods

The studynvolved evaluation of dierent sets of hybrids (ALS resistant, ACCase resistant,
ALS and ACCase resistant as well as ALS and ACCase susceptible hybrids) at three locations, in
three replications during the 2014 and 2015 crop seasons. In 2014 the tests were conducted at the
Ashland Bottons KSU agronomy research farm located approximately 10 miles south of the city
of Manhattan. Tests in the 2015 season were conducted at four locations: the Ashland Bottom
KSU agronomy research farm, the north campus agronomy research farm, thiegK&utural
Research Centétays and th&ast Central Kansas Experiment Field at Ottawa, Kai$essoils
at Ashland bottoms ar€hase silty clay loarwhile the north campus agronomy research farm is
aWymore silty clay loamSoils at Hays is BlarneyCarlson silt loamsvhile Ottawa is Vdodson
silt loam (Web Soil Survey, 2016)Soils at all locations have moderately fine texture and high

cation exchange capacity (CEC).

Genetic materials and hybrid ynthesis
Test entries includeid these studies were derived among elite breeding lines from Kansas
State University sorghum breeding program. The entries comprised of hybrids that are
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homozygous or heterozygous resistant to ALS and ACCase herbicides and those that are
susceptible to #se chemicals including two commercial checks. A set of advanced ALS resistant,
ACCase resistant and susceptible regiarand Alines were randomly selected among the
advanced nursery of the KSU sorghum breeding program. Crosses were made in all possible
combinations during the 2013/14 wintery nursery season in Puerto Rico generating large number
of hybrids of the following categories: ALS x ALS, ALS x ACCase, ALS x Regular, ACCase x
ACCase, ACCase x ALS, ACCase x Regular, Regular x Regular, Regular,>aAdl ®Regular x
ACCase. Depending on success with seed set, the number of hybrids in each caésgory
different. Similar crosses were made during the 2014/15 winter nursery to synthesize additional
hybrids of similar category for testing during 2015 seadn both seasons the crosses were
manually harvested and threshed using head thresher and the seeds shipped to Kansas State
University. Up on arrival, the seeds were placed in a dryer to remove excess moisture and carefully
cleaned and treated using stard experimental seed treatment protoagh{xture of Maxim 4FS

™ Apron XL™ Concep IlI™, and colorant Three grams (approximately 100 seeds) of the
treated seeds were then packeted in to a seed envelop in preparation for. laatiistyofhybrids

grouped by hdricideresistance categoriespsesented in Tables 1 and 2.

Experimental design and nanagement

The entries were grouped into eight categories based on the kind and dose of herbicide
resistance alleles they carry. Thesesgaties include: ALS x ALS, ALS x Regular, ACCase x
ACCase, ACCase x Regular, Regular x Regular, Regular x ALS, Regular x ACCase and
commercial checks. The study consisted of three sets of experiments with each set consisting

different categories. Set | anl consisted of 68 and2@ntriesrespectively, that includeall eight
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categories whereas set Il consisted of 56 entries that included seven of the eight categories. Set |

experiment was conductet onelocation during 2014 season and two locationsand) 2015

season whereas sets Il and Ill were conducted at two locations duringez@bs.sAltogether a

total of 189hybrids including two check entries were evaluated in three sets over two seasons.
All experiments were laid out in randomized cortgl#ock design with three replications.

Seeds were sown into 5 long double row plots spacéd75 m apartFieldsat Manhattan and

Hays were prepared following the standard tillage practices while Ottawa was strip tilled after

burning the weeds with glyyosate. Fertilizenitrogenin the form of ureand phosphorous the

form of DAPwere applied at the rate 800kg ha' N and45 kg ha' P.Os at Manhattan; an@8

kg halNand33.5 kg ha P,Os at Hays. At Ottawa, fertilizer was applied at the rate of kg I5a

1N and 13.5kg ha' P,Os. Preemergence weed# Manhattarwere controlled with 1.34 kg Ha

Atrazind™, 1.94 L hat Dual Il Mg™ and, 0.42 Lha? Callisto'™ and4.67 L hat Atrazind™ and

1.17 L hat MetolachlofM at Hays. At Ottawa, weeds were burned down using Glyphisate

the rate ofL.75L hal and2,4-Dichlorophenoxyacetic aci®,4-D LV6™) at the rate of 0.3R ha

! followed byAtrazine™, Liberty™ and Callisto™ at the rate of 3 L hat, 1.6 L haland, 0.22 L

hat, respectivelyprior to planting Postemergence weeds all locationsvereremoved manually

as necessary

Data oollection

Data were collected on a range of physiological, phenological and yield parameters at all
locations and testing seasons. Because the entries in experiment set | included homozygous ALS
resistant hybrids, leaf chlorophyll content was measured on the gmedhd adult plants using

SPAD-502 chlorophyll meter (Spectrum Technologies Imm)ALS resistant hybrids and the
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commercial checks at all locations and test seasons. The chlorophyll readings were taken on day
14 after planting on the second fully expathdeaf from the top and recorded as the mean of
readings from three plants in a plot. As quantitative indicators of seedling vigor, height and
biomass of seedlings were also measured from the same three plants on day 14 after planting. To
avoid impact on gain yield destructive sampling of seedling dry matter was not taken.

In order to determine whether the effect of seedling yellowing at early growth stage had
persisted to have impact on photosynthesis and grain develomiienophyll fluorescence was
measuredht grain fill stageon pre-flag leaves in all test entries in set I. The measurements were
made on three plants per plaging OS30p+ hand held chlorophyllorometer (OptiSciences,

Inc.).

A number ofagronomic and yield parameters were mead on the hybrids in all
experiments includinglays toflowering, plant height, panicle length, panickadth, panicle
weight, kernel weight per panicle (panicle yiel®ernel number per panicle, thousand kernel
weight and grain yield per plot bas&esedling height was measured from the soil level to the leaf
whorl and adult plant height was recorded as the length of the plant from the base to the tip of the
panicle on plot basis.

Days toflowering was measured as the number of days from plantimghém half of the
plants reached halfloom stageYield components were determined based on measurements taken
on three paniclesampled from each plot at physiological maturity. After harvest, the panicles
weredried at 65°F for three daysd their weightlength and width were taken before threshing
After threshing, the weight of the kernels was takenrfdividual panicles and kernel numbers

per panicle was determinaging the seed counter (Seed Counter Model35dternational
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Marketing and Design @p.). Thousand kernel weight was determineddbyding panicle yield
by the number of kernels per panicle and muiipdg by 1000.

About 40g seeds dhe bulled samples from the three panicles in each plot saared for
grain and nutritional quality analysis.The grain hardness and diameter were determined using
single kernel characterization procedueiten SKCS 4100 (Perten Instruments Inc, Chatham,
IL). The nutritional quality parameters were determined using NIR me{R&iiten Instruments
Inc, Chatham, IL)after adjusting the grain moisture contemfl2.5%(Miller et al., 1964) Major
nutritional parameters determined inclughkeotein, starch, fat and ash contents from whole grains.
Grain mineral contents includingditrogen (N), PhosphorousR), Potassium (K), Calcium (Ca),
Magnesium (Mg), Zinc (Zn), Iron (Fe), Copper (Cu) and Manganese (Mn) were also determined.
Nitrogen contentwas determined from flour samples usiag indophenol blue colorimetric
proceduréLindner, 1944)ising the RapidlBw Analyzer (Model RFA300, Alpkem Corporation,
Clackamas, OR). For determiningneralcomposition perchloric digestion method described by
(Gieseking et al., 193%)as performed usingn inductively coupled plasma (ICP) optical emission
spectrometer (Mdel 720ES ICP, Varian Austrailia Pty Ltd, Victoria, Austrglid&amples fothe
physical grain quality and mineral profiles were determined only for ALS resistant hybrids and the

commercial checks while other nutritional parameters were determined éotrads.

Statistical analysis

Statistical analysigor all experiments was performed using SAS software version 9.4
(Institute, 2008) The analysis of variance for hybrid entries was performed across environments
for each experimental sahd also for individual environment. The data were then rearranged in

to hybrid groups and the analysis wasug to obtain the comparison between hybrid groups for
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all traits. In all caseBROC GIM was used with hybrid entries and hybrid grotreated afixed
effecs and environment and block as random efféast of significance was performed using
appropriate error terms for each effect which was specified using the random statement in GLM.
Significant means were separated using the LSD test.

In additional multivariate analysigerformedfor nutrient compositiommong the entries,
Principal Component Aalysis (PCA andAgglomerative Hierarchical Clustering procedurere
conducted using XLSTAT software version 2014. XLSTAT analy&s used foclustering the

hybridsas well as fowisualization of the clusterm the principal component space.

Results

The analysis of the variance on the physiological and yield parameters for hybrids and
hybrid groups evaluated undexgeriment | is pesented iTable4.2. The hybrid effect and hybrid
x environment interaction effect were significant for all measured gadsptfor seedlingand
adult plant height, adult plant chlorophyll content and panicle widthnybrid x environment
effect (Tabé 4.3). Similarly, the hybrid group and hybrid group x environment interaction effects
in Experiment set Wassignificant for all parameters except seedling height and panicle length
(Table 4.2). The environment effect was highly significant both ineshgibrid and hybrid group
analysis. Individual environment analysis revealed similar result with hybrid group effect being
significant for all parameters under all environments extmpseedling height anddult plant
chlorophyll conten(TableC.1).

Analysis of variance foExperimentset Il and st Il are also presented in tab 4.3 and
4.4. In Experiment set Il, the hybrid effect was significant for most of the parameters measured

except panicle width, panicle yield and TKW. Wherdadrid x environmeninteractioneffect
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was significant for grain yielganicle lengthplant height and days to flowering (Table 4.3). The
effect of hybrid groupon the other handvas significant for grain yield, panicle length, panicle
weight and plat height while the interaction between hybrid group and environment was
significant only for days to flowering and panicle weight (Table 4.3).

The results from Eperiment set llwerefairly similar to that ofExperiment sets | and |l
that the hybrid déct was again significant for all parameters while hybrid x environment
interaction effect was significant only for days to flowering and panicle length (Table 4.4). This
was similar for hybrids groups as well except the effect of panicle length andepaitth was
not significant. The interaction between hybrid groups and environment was significant only for
plant height, days to flowering and panicle length (Table 4.4).

Summary of the man performancef the hybrids tested undeExperiment set | is
presented in Tabld.5. As expected, the lowest seedling chlorophyll content of 35.3 SPAD units
was recorded in ALS resistant hybrid while the highest (43.4 SPAD unit) was recorded in the
herbicide susceptible commercial check. But some of the ALS x ALSidsylhad mean
chlorophyll contents that were comparable with that of the heterozygous hybrids indicating that
the traits can be improved through selection. Seedling height was not affected by the seedling
chlorosis. Nevertheless, the seedling chlorosis du# seem to have effect on photosynthetic
efficiency of adult plants and other parameters. Although there is significant difference among
hybrids for several other parameters, none of them seem to be associated with the ALS resistant
trait. The homozygaALS resistant entries were among the highest yielding hybrids with seven
out of the eight ALS x ALS entries out yielding the top commercial check (Table 4.5). Similar
result was obtained for yield components as well. The trend was the same for ottier yiel

components including TKW, panicle weight, panicle yield and number of kernels per panicle
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where few entries among the ALS x ALS hybrids were among the top among the entire entries.
Among the hybrid groups, the ALS x ALS hybrids apparently had the I@gedting chlorophyli

content of 37.9 vs42.6 in the susceptible commercial check (Table 4.6). The ALS x Regular and
Regular x ALS hybrids had 40.9 and 41.1 SPAD units which was not significantly different from
42.6 in the susceptible check showing thdikerthe herbicide resistance which was controlled by

a partially dominant gene, the seedling chlorosis appear to be a recessive trait that it only displays
itself under a homozygous condition. Furthermore, the absence of apparent difference between the
ALS x Regular and Regular x ALS hybrids indicate that maternal effect has little or no role in
determining seedling chlorosis. Most of the parameters were significantly different between the
different hybrid groups but none of them appear to be associatetievbicide resistance. Grain

yield was highest (5133 kg fipamong the Bgular x ACCase group followed by the ALS x ALS
group (499%g ha') while the lowest was in the Regular x Regular and Regular x ALS group.
The commercial checks had mean graindyal4482 kg hd. On tests conducted on inbred parents

as well as from common field observations ALS resistant materials tend to have delayed flowering.
Such phenomena was not observed in the current study where all ALS resistant hybrids were found
to beearlier than the commercial checks by an averagedodi@ys.

Results from Eperiment set Il are similar to that of set | (Tables 4.7 and 4.8). Four entries
out yielded the commercial checks while 11 of them were statistically the same as the checks. Al
of the hybrids that topped the highest check are from the ALS x Regular group while many from
the other groups were in a statistical tie with the checks (Table 4.7). Comparison of the commercial
checks with the different hybrid groups showed that thekshsignificantly out yield the other
groups (Table 4.8). However, a scrutiny to the different yield components does not show any trait

that was particularly high in the commercial chedksis may bedue to a poor stand caused by
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low stand establishment RO15seasonLikewise, in the set Il periment, about sixteen hybrids

were found to have out yielded either of the commercial checks and they represent all of the
categories indicating that yield potential is not specific to a certain category (Tahlelde

highest yield (5748 kg 3 among the hybrid grospunder Eperiment set Il was obtained in the
ACCase x Regular group followed by the commercial checks (5378 Kgwizsich was not
significantly different from that of ALS x Regular, ACCase x @&3e and Regular x ACCase
groups (Table 4.10). Again the specific yield component that contributed to higher yield in one
group vs. the other is not clear. It may have to do with other parameters that were not accounted
for in this experiment. The Pearsoaorrelation analysis between many of the measured traits
showed some significant association between the traits. Chlorophyll florescence of the leaves was
significantly correlated with chlorophyll content (Table 4.11). It is also significantly correlated
with yield components including panicle weight, kernel number and grain yield. Correlation
among yield components is similar to what is generally expected.

Analysis of the nutritional composition of the herbicide resistant hybrids revealed that the
new hybrids have similar nutritional composition with that of the check hybrids. The major
nutrients (protein, starch and fat) were similar among all hybrids groups and the checks. But there
was significant location effect with the 2014 tests having highetenbf these nutrients than
those recorded from the 2015 samples. Measurement of mineral profile and physical grain quality
parametes was conducted only in set Xjgeriment from the 2014 samples. Phosphorus, calcium
and magnesium tend to be higher amdhg herbicide resistant groups compared to the
commercial check. Similarly micronutrients such as zinc copper and manganese are higher in
herbicide resistant groups compared to the checks whereas iron content was similar among all

hybrid groups. Among physal grain quality characteristics measured, grain hardness appear to
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be uniquely high in the ALS resistant group whileasuredyrain sizeandgrain diameter was

higher in the commercial check group. Correlation analysis among these traits showecfat cont

as negatively correlated with all other nutritional parameters while all other parameters have either
near zero or positive correlation with each other except that of potassium with copper, iron, protein
and nitrogen. Starch was also negatively cotedlavith potassium, calcium and ash (Figure 4.1).
Principal component analysis based on the nutritional parameters sorted the hybrids according to
their nutritional profile. Hybrids with higher fat content were clearly separated in the principal
componentspace while those with similar micronutrient profile converged (Figure 4.2). This

agrees with summary results in Table 4.12.
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Table 4.1. Different groups of hybrids developed aedted under each experimental set.

AHybrid Groups Categor_y_based_ Number of hybrids Seed parent Pollinator parent

on herbicide resistance get| Setll Setlll
Homozygous ALS ALS x ALS 08 - - ALS resistant ALS resistant
Heterozygous ALS ALS x REG 10 21 04 ALS resistant Herbicide susceptible
Heterozygous ALS ALS x ACCase 00 21 27 ALS resistant ACCase resistant
and ACCase
Heterozygous ALS REG x ALS 10 - 03 Herbicide susceptible ALS resistant
Homozygous ACCase ACCasex ACCase 08 03 02 ACCaseresistant ACCase resistant
Heterozygous ACCasi ACCasex REG 10 08 07 ACCase resistant Herbicide susceptible
Heterozygous ALS ACCasex ALS 00 02 05 ACCase resistant ALS resistant
and ACCase
Heterozygous ACCasi REG x ACGase 10 05 06 Herbicide susceptible ACCase resistant
Regular hybrids REG x REG 10 - - Herbicide susceptible Herbicide susceptible
Commercial checks  Checks 02 02 02 Herbicide susceptible Herbicide susceptible
Total 68 62 56

AHomozygousALS:Homozygous for ALS resistance trditeterozygous ALS®Heterozygous for ALS resistance trait, Homozygous
ACCase Homozygows for ACCase resistance traiteterozygous ACCasddeterozygous for ACCase resistance trait
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Table 4.2. CombinedANOVA for entire hybrids (a) and hybrid groups (b) fdrysiological, agronomic traits and yield components
of sorghum $orghum bicolo(L.) Moench)hybrids carrying different combinations of herbicide resistance genes as evaluated at three

environments utler Experiment set |.

Seedling Adult plant A ) ) ) )
o Days to AChl. Fluo. Panicle  Panicle Panicle Panicle | 5 o
Source of variation Chlorophyll . Chlorophyll . . . . . YKN TKW  Grain yield
Height Height  flowering (FVIFm) weight length  width  vyield
content content
a) Entire hybrids
Environment (E) 2 2509.1* 881.4**  4383.7** 4674.8* 1329.1** 0.07** 8934.1* 1152.3* 32.4** 4823.0* 2228155** 126.1** 123159514**
Block/E 6 19.1 11.3 29.6 45.0 67.1 0.0005 782.0 10.1 1.1 1678.1 1632440 15.1 2631970
Hybrid 67 41.2* 3.8 16.7 64.4 87.3**  0.002** 958.7**  17.5*  1.3*  618.3*  757070** 20.6** 3535708**
Hybrid x E 134 34.2* 4.5 18.6 27.6 21.6*  0.001 845.9**  8.0** 1.1 485.7**  522834** 6.7**  3906045**
Error 402 14.7 3.3 13.1 14.8 9.2 0.0004 607.0 6.2 0.7 313.4 346717 4.7 2299406
b) Hybrid groups
Environment (E) 2 1208.1** 541.6** 3463.0** 3332.8* 957.1** 0.05* 6396.3 923.4** 27.0r 3581.0 1486358  122.5** 80700689
Block/E 18.2 11.1 29.8 43.7 67.8 0.001 2791.9 10.1 1.0 1626.2 1561081 14.6 26017649
Hybrid group (HG) 7 210.7** 6.0 24.0 171.7* 335.7* 0.02* 2628.6** 54.9**  2.7*  1848.7* 1770781* 73.0** 13147599**
HG x E 14 193.3* 6.8 48.5** 55.4**  61.3**  0.007** 2339.0** 8.7 4.7+  1524.0* 1398640** 19.5** 16168829**
Error 42 157 3.6 13.8 20.8 16.1 0.004 638.4 7.3 0.7 340.7 393713 5.8 2356403

AChl. Fluo.= chlorophyll fluorescence’KN = kernel number per panicRE;KW = thousand kernel welng;

* and** statisticallysignificant atP ¢ 0.05 and 0.01, respectively.
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Table 4.3. CombinedANOVA for entire hybrids (a) and hybrid groups (b) for agronomic and g@dponent®f sorghum $orghum
bicolor (L.) Moench) hybridswith varying combinations of herbicide resist traits agvaluated undergperiment set |Il.

Adult
Source of variation plant Daysto Panicle Panicle Panicle Panicle ‘
df  height flowering weight length  width yield KN YTKW  Grain yield

a) Entire hybrids

Environment (E) 2 4704.2* 15490** 222457* 286.0** 28.2 160090* 10576319** 1816.8 69807524**
Block/E 6 315 10.1 5649.7 7.9 15.1 2039.4 1872180 197.1 7780558
Hybrid 61 36.5* 23.4** 2893.7 29.1** 7.2 1167.7 1556281 163.6  3887164**
Hybrid x E 122 17.3** 19.5** 2314.7 9.6** 6.4 1240.1 777839 165.3  3371029**
Error 366 5.1 8.6 2305.2 6.4 6.9 1018.2 658515 154.7 2443732
b) Hybrid groups

Environment (E) 2 2373.2** 5710.0** 38142.0** 112.6** 7.7 52991.0** 31946837** 696.1* 19690556**
Block/E 6 31.6 39.9 5738.9 8.2 15.1 2054.0 1915791 196.4 7648441
Hybrid group (HG) 6 50.8** 23.1 16844.0** 60.0** 2.2 437.6 1611949 228.1  6911120*
HG x E 12 343 47.8** 149340* 10.7 3.1 928.0 392875 1746 2592525
Error 36 10.2 11.6 1847.8 8.9 7.0 1097.2 784962 156.7 2762342

AKN = kernel number per panickTKW = thousand kernel weli;
* and** statisticallysignificant atP ¢ 0.05 and 0.01, respectively.
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Table 4.4. CombinedANOVA for entire hybrids (a) and hybrid groups (b) for agronomic and g@dponent®f sorghum $orghum
bicolor (L.) Moench) hybridswith different combinations of herbicide rasist traits as evaluated undeqgeriment setll.

Source of variation Plant ~Daysto Panicle Panicle panicle panicle )
df height  flowering weight length width vyield KN YTKW  Grain yield
a) Entire hybrids

Environment (E) 1 10859** 1491.0* 102883* 34.4  28.3** 72500** 36378217* 981.3** 207139489*

Block/E 4 5.6 17.1 11241 7.6 0.2 611.5 450229 55 4853941
Hybrid 55 162.7** 34.8*  1257.5** 13.3* 0.8*  655.9** 806319** 155* 1782251**
Hybrid x E 55 845 29.9* 594.7 89 0.7 361.9 360817 5.6 1383500
Error 220 30.1 3.9 4585 5.4 0.5 2422 281473 2.1 1051068
b) Hybrid groups

Block 2 5.6 16.0 1.0 0.4 0.07 82 10042 0.03 1837292
Environment (E) 1 427.5** 322.2** 46738 19.8 6.9  32168** 5079586** 535.7** 36388292**
Block/E 4 4.6 13.5 504.7 6.9 0.2 5945 206299 44 3622057
Hybrid group (HG) 7 191.6* 145.1* 3113.2** 10.2 0.6 1864.1** 2303551** 42.5**  5517284**
HG x E 7 213.3** 21.4* 987.8  17.2* 0.9 583.2 643454 1.7 1796385
Error 28  68.7 8.3 608.8 7.7 0.6 316.6 361836 5.4 1137322

AKN = kernel number per panickTKW = thousand kernel weli;
* and** statisticallysignificant atP ¢ 0.05 and 0.01, respectively.
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Table 4.5. Mean performance of each of tested sorgh8orghum bicolo(L.) Moench) hybrid across the environments for all
physiological and yield characteristics evaluated under Experiment set 1.

Entry chIoroSiE(IjlIing chlor':))\dﬂltllplant Days to /I;(I:l:]cll Panicle Panicle panicle panicle YKN STKW  Grain yield Hybrid grou
Code contenF; y height contenﬁ y height flowering (Fv/I.:m) length width  weight yield Y y group

132 35.3 15.3 58.3 124.7 64.7 0.76 345 6.3 124.1 77.3 2842 27.3 4798.8 ALS x ALS

131 35.5 14.0 55.0 123.0 66.0 0.74 33.0 5.9 110.4 72.7 2677 26.9 4991.1 ALSxALS

135 36.1 15.6 56.1 120.0 66.2 0.75 33.1 6.0 123.4 79.6 2775 28.4 5536.3 ALS x ALS

130 375 14.9 57.6 118.0 70.2 0.75 32.0 6.7 133.0 84.8 3215 26.0 5636.1 ALS x ALS

136 38.2 15.2 58.1 1135 69.2 0.74 30.2 6.8 137.7 91.0 3331 27.3 44428 ALS x ALS

133 38.0 14.6 54.7 1235 67.4 0.77 31.6 5.9 112.6 72.1 2692 26.6 4690.6 ALS x ALS

129 39.1 16.4 57.9 125.7 65.2 0.74 33.8 6.5 120.7 78.0 2904 26.4 4959.2 ALS x ALS

137 39.6 15.2 55.1 126.0 68.6 0.76 31.6 6.0 125.5 90.0 3123 28.6 4920.5 ALS xALS

147 39.5 14.2 56.3 122.0 66.2 0.73 32.3 6.6 134.7 88.9 3268 26.9 4481.5 ALS x Regilar
151 39.9 15.3 57.3 128.5 64.0 0.73 31.2 6.7 122.9 78.7 3062 25.6 5067.2  ALS x Regular
149 39.0 14.4 57.4 133.2 64.3 0.72 32.0 6.4 109.6 67.5 2544 26.3 5613.0 ALS x Regular
152 40.4 15.1 57.1 126.0 66.6 0.74 32.2 6.3 114.0 68.4 2448 27.7 5747.8  ALS x Regular
143 40.5 15.7 58.2 126.0 62.0 0.74 31.8 6.2 117.2 75.3 2952 25.6 4367.6  ALS x Regular
145 41.7 15.6 56.5 127.7 64.0 0.72 33.1 6.4 110.8 68.7 2680 25.3 4628.4  ALS x Regular
146 41.0 15.8 56.7 125.7 65.2 0.73 33.9 6.7 128.5 82.8 3019 27.4 5697.3  ALS x Regular
144 42.1 15.9 57.6 126.7 63.7 0.75 325 6.3 126.2 83.7 2995 27.9 4107.3  ALS x Regular
150 42.4 15.9 59.8 130.5 63.3 0.73 33.7 6.3 132.1 85.6 2917 29.2 5158.7  ALS x Regular
148 42.7 15.6 59.0 125.7 65.6 0.73 33.7 6.8 127.4 91.6 3287 275 4407.7  ALS x Regular
164 38.6 16.1 55.8 124.2 64.3 0.75 29.8 6.2 106.2 67.0 2461 26.6 4483.9  Regular x ALS
163 39.2 15.7 57.4 126.5 65.8 0.75 31.3 6.6 108.8 68.9 2937 23.6 4444.4  Regular x ALS
167 395 14.8 55.5 1235 67.3 0.76 33.8 6.1 95.6 56.6 2453 22.6 4784.7  Regular x ALS
160 41.4 16.3 59.7 125.2 60.9 0.76 30.6 5.9 1125 715 2652 26.5 4608.3  Regular x ALS
165 415 15.6 58.7 127.7 66.6 0.76 30.5 7.1 135.6 88.7 3496 25.3 4512.3  Regular x ALS
162 41.8 15.3 61.2 1285 61.4 0.75 30.2 6.3 107.9 68.7 2553 26.8 4431.3 Regular x ALS
161 42.1 15.9 55.8 131.7 66.3 0.75 30.5 6.2 106.7 68.9 2728 25.7 4365.7 Regular x ALS
158 42.2 15.6 56.3 1315 61.2 0.75 32.6 6.1 114.2 72.1 2883 25.1 3645.2  Regular x ALS
166 42.0 15.5 57.3 126.5 62.8 0.76 32.7 6.7 110.0 66.5 2867 23.2 3622.8 Regular x ALS
159 43.2 15.3 56.8 127.0 65.1 0.75 31.3 6.4 118.0 79.0 3234 24.3 4134.2  Regular x ALS
114 - - 59.8 116.2 68.3 0.76 31.6 6.3 118.8 73.8 2927 25.0 4290.0 Regular x ACG@se
107 - - 59.3 129.7 62.6 0.77 32.1 7.0 127.2 79.6 2903 27.3 5402.8 Regular x AC@se
112 - - 58.9 120.2 63.0 0.76 27.3 7.2 111.0 63.9 2723 23.2 4770.1 Regular x AC@se
111 - - 58.4 127.2 60.7 0.77 30.6 6.6 106.6 65.1 2504 25.8 3819.0 Regular x AC@se
116 - - 58.4 120.0 67.0 0.76 32.2 6bc 103.6 67.1 2703 24.4 4696.4  Regular x AC@se
115 - - 58.3 130.0 61.8 0.77 31.8 6.3 112.0 72.1 2771 26.0 5451.4 Regular x ACG@se
110 - - 58.2 123.0 66.3 0.77 31.3 7.7 127.2 76.5 3253 235 4592.4  Regular x ACG@se
108 - - 57.9 125.2 69.4 0.76 31.7 7.4 124.4 79.1 3004 25.7 5064.0 Regular x AC@se
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Seedling

Adult plant

AChl.

Entry Days to Panicle  Panicle panicle panicle 5 L .

Code gglr?treonahy” height gglr?t:aonahy“ height flowering (Fv/I.:m) length width  weight yield KN TKW  Grain yield Hybrid group
113 - - 57.5 131.0 61.9 0.77 33.2 6.7 127.6 79.4 3087 25.7 4488.6  Regular x AC@se
109 - - 56.7 125.0 60.9 0.78 31.9 7.3 122.7 75.2 2950 254 4283.3 Regular x AC@se
080 - - 58.7 136.2 64.5 0.78 33.0 6.6 127.9 84.6 3426 24.8 5211.3 ACCasex ACCase
073 - - 58.5 126.0 60.4 0.78 29.0 5.9 93.3 55.4 2269 24.4 5514.9 ACCasex ACCase
074 - - 58.0 130.0 61.8 0.78 30.6 6.1 117.5 68.2 2568 26.4 4173.0 ACCasex ACCase
075 - - 57.1 135.2 68.0 0.78 30.9 6.8 114.1 72.3 2718 26.2 4485.5  ACCasex ACCase
079 - - 56.2 126.7 68.1 0.78 30.3 6.3 122.6 78.5 3171 24.7 5187.9  ACCasex ACCase
078 - - 56.0 133.0 65.4 0.79 30.2 6.5 119.5 76.4 2923 26.1 5450.2  ACCasex ACCase
077 - - 55.5 123.0 64.2 0.78 29.0 6.1 107.4 69.7 2646 26.3 5602.0 ACCasex ACCase
082 - - 54.2 123.2 63.9 0.78 30.2 5.9 103.6 63.6 2540 24.6 5288.2  ACCasex ACCase
098 - - 59.4 128.2 64.1 0.76 31.8 6.5 109.1 65.9 2712 24.3 4818.5  ACCasex Regular
099 - - 58.2 124.7 64.1 0.77 31.9 6.7 124.4 79.2 3288 24.1 4884.4  ACCasex Regular
102 - - 58.2 119.5 69.2 0.76 31.6 6.6 119.7 75.3 2883 26.0 6369.2  ACCasex Regular
094 - - 57.9 128.0 62.2 0.77 31.2 6.0 98.8 59.9 2556 235 5122.9  ACCasex Regular
100 - - 57.1 138.2 65.7 0.77 30.5 6.5 111.4 71.2 2835 25.0 4191.0 ACCasex Regular
095 - - 57.1 124.2 65.3 0.76 28.8 6.3 115.0 70.2 2934 23.9 5872.9  ACCasex Regular
096 - - 56.9 125.0 63.8 0.77 32.2 6.8 126.6 80.5 3256 24.7 5559.4  ACCasex Regular
101 - - 56.8 117.5 65.9 0.77 33.2 6.9 129.5 80.4 3030 26.3 4434.6  ACCasex Regular
093 - - 56.3 1325 64.9 0.77 31.2 6.3 103.0 63.3 2640 23.6 5559.9  ACCasex Regular
097 - - 56.3 114.2 66.3 0.76 29.4 6.1 107.2 64.4 2635 24.5 4709.2  ACCasex Regular
051 - - 59.5 117.2 73.6 0.77 29.9 6.6 116.1 73.5 2789 26.6 3574.4  Regular x Regular
053 - - 58.5 126.5 67.7 0.76 32.2 6.6 115.2 72.4 2519 28.4 4047.8  Regular x Regular
052 - - 58.2 130.0 62.3 0.76 31.7 6.1 98.0 62.5 2209 28.5 3326.4  Regular x Regular
046 - - 57.6 113.2 67.1 0.77 30.3 6.6 110.0 69.7 2827 24.7 4271.2  Regular x Regular
047 - - 56.9 107.5 73.0 0.76 311 5.6 994 62.8 2768 22.6 3885.6  Regular x Regular
055 - - 56.8 120.7 70.7 0.76 30.8 6.1 102.2 63.8 2394 26.4 4335.5 Regular x Regular
050 - - 56.5 1245 67.2 0.75 313 6.5 104.4 65.0 2569 25.3 4269.5 Regular x Regular
048 - - 56.2 111.7 66.1 0.76 29.8 6.8 109.8 65.6 2627 24.7 4596.5 Regular x Regular
049 - - 55.7 110.2 73.7 0.76 29.7 6.6 102.1 61.4 2361 25.6 3275.9 Regular x Regular
054 - - 55.4 132.0 66.7 0.76 31.6 6.5 1125 71.9 2548 27.9 4239.9  Regular x Regular
C1 43.4 15.4 57.1 109.7 70.9 0.76 30.2 6.2 105.5 65.6 2347 27.6 4261.5 Checkl
Cc2 41.8 14.9 55.3 119.7 72.4 0.76 29.8 6.9 117.6 67.8 2488 27.0 4639.3 Check2

Mean 40.2 15.3 57.3 124.7 65.7 0.8 31.4 6.4 115.3 72.8 2808 25.8 47009 -
Lsp 5.9 ns ns 14.25 4.1 0.03 3.1 0.9 25.07 18.4 226 2.2 435.3 -

AChl. Fluo.= chlorophyll fluorescence’KN = kernel number per panicld,KW = thousand kernel welid;

ILSD = Least Significant differencas = not significant.
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Table 4.6. Mean performance of each sorghusoghum bicolo(L.) Moench) hybrid group across environments for all
physiological and yield characteristics evaluated under Experiment set 1.

Hybrid Group

Parameter ALS x ACCasex ACCasex Regularx Regularx Mean TLSD
ALS x ALS Regular ACCase Regular ACCase Regular Checks

Seedling
chlorophyll 37.9(x0.5) 40.9(x0.4) - - - 42.6(x0.9) 40.6 2.8
content
Seedling heighi 14.9(x0.3) 15.3(x0.2) - - - 15.2(+0.4) 15.3 ns
Adult plant
chlorophyll 56.7(+0.5) 57.6(x0.4) 56.9(+0.5) 57.4(x0.4) 58.3(x0.4) 57.1(x0.4) 56.2(+0.8) 57.2 ns
content
Adult plant
height 122.0(x1.5) 127.3(x1.2) 127.2(x1.2) 128.8(x1.5) 126.3(x1.2) 125.0(x1.2) 119.3(¥1.2) 114.8(x2.5) 123.7 4.8
Days to 2(+ +0 64.5(x0.6)  65.2(+0 64.1(0 68.8(0 71.7(x0.9 662 1
flowering 67.2(+0.6) 64.5(+0.5) .5(0.6) 5.2(x0.5) .1(x0.5) .8(x0.5) .7(x0.9) : 5
/(A(F:\?/Ifiril)uo- 0.8(x0.002) 0.7(x0.002) 0.8(x0.002) 0.8(x0.002) 0.8(x0.002) 0.8(x0.002) 0.8(+x0.002) 0.8(+0.005) 0.7 0.1
Panicle length 32.5(x0.3)  32.6(z0.2) 30.2(x0.3)  31.2(x0.2)  31.4(x0.2)  30.8(x0.2)  30(z0.6) 31.2 1.2
Panicle width ~ 6.3(x0.3) 6.5(x0.2) 6.2(x0.3) 6.5(x0.2) 6.8(x0.2) 6.4(x0.2) 6.5(x0.9) 6.4 04
Panicle weight 123.343.4) 122.4(+#3.2) 111.4+3.2) 111.543.4) 114.443.2) 118.2+3.2) 106.9+3.2) 111.5+6.4) 114.9 9.2
Panicle yield  80.6(x2.5)  78.9(x2.4) 69.5(x2.5)  71.0(x2.4) 73.6(x2.4) 66.9(+2.4)  66.7(+2.6) 722 6.5
YKN 2946(+85.4) 2914(+79.6) 2821(x79.6) 2703(+85.4) 2877(x79.6) 2893(£79.6) 2561(+79.6) 2418(x154.2) 2766 207.8
STKW 27.2(+0.3) 26.9(x0.2) 25.6(+0.3) 24.6(+0.2) 25.3(x0.2) 26.1(+0.2) 27.3(x0.5) 26 0.8
Grain yield 4999(+271.5) 4927(+256.2) 4286(+256.2) 4964(+271.5) 5133(+256.2) 4696(+256.2) 3997(+256.2) 4482(+422.3) 4686 633

*Chl. Fluo. =chlorophy! fluorescence’KN = kernel number per panicl&,KW = thousand kernel weli;

ILSD = Least Significant difference; ns = not significant.
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Table 4.7. Mean performance of each of tested sorgh8orghum bicolofL.) Moench) hybrid across the environments for
agronomic and yield characteristics evaluated under Experiment set .

Entry Plant Days to Panicle Panicle Panicle Panicle ) g Grain .

code height flowering length width weight yield KN TKW yield Hybrid group
04 138.1 58.1 31.2 6.9 138.7 87.7 3243.0 26.6 5207.0 ACCasex ACCase
40 153.1 63.4 34.3 5.8 124.7 77.0 3081.4 24.7 5951.5 ACCasex ACCase
23 150.6 62.2 34.9 6.8 140.9 89.9 3383.7 26.2 5833.9 ACCasex ALS
41 152.8 63.6 34.4 6.2 135.0 85.9 3209.6 26.8 4643.2 ACCasex ALS
11 145.3 60.4 35.1 6.6 116.6 70.7 2890.7 24.0 5828.4 ACCasex Regular
16 147.5 63.0 35.0 6.5 136.1 81.1 3131.8 254 6316.0 ACCasex Regular
17 144.7 61.6 32.3 6.5 123.4 76.4 2695.9 28.3 6677.6 ACCasex Regular
24 142.5 59.3 34.7 7.3 141.6 89.6 3027.4 28.8 5648.2 ACCasex Regular
27 142.8 60.9 34.7 7.0 149.1 98.3 3497.1 27.7 5880.6 ACCasex Regular
39 143.6 60.6 31.7 6.9 124.3 78.0 2680.3 28.7 6189.6 ACCasex Regular
42 147.2 59.6 34.3 6.2 123.9 105.5 2742.6 57.9 5849.0 ACCasex Regular
43 1514 62.9 35.6 6.9 134.8 84.2 2984.4 28.1 5768.5 ACCasex Regular
13 148.1 62.0 34.2 6.5 139.8 84.9 3178.4 26.2 6887.4 ACCasex ACCase
02 151.1 63.8 32.1 7.4 148.6 96.1 3318.1 27.9 4256.6 ALS x ACCase
03 143.1 59.6 29.1 6.6 120.1 73.6 2794 .4 26.2 5819.1 ALS x ACCase
12 142.2 61.4 324 6.8 129.6 81.9 3152.6 25.8 54935 ALS x ACCase
18 146.9 61.7 34.8 6.6 134.9 89.9 3188.1 28.1 5187.8 ALS x ACCase
25 156.7 63.3 34.3 6.1 133.9 87.1 3272.1 26.3 5132.8 ALS x ACCase
26 143.6 61.0 315 6.6 131.6 84.4 2971 27.9 6680.1 ALS x ACCase
28 145.8 62.9 311 6.9 150.6 98.6 3729.1 26.1 6195.7 ALS x ACCase
30 151.7 60.1 34.8 6.4 140.9 95.1 3422.7 28.0 6151.3 ALS x ACCase
31 142.8 60.1 33.4 6.3 120.4 79.3 2893.0 26.9 6097.4 ALS x ACCase
35 143.1 59.4 34.9 6.4 121.3 73.7 3203.0 22.7 5930.1 ALS x ACCase
36 144.4 60.0 34.2 6.2 135.2 90.7 3370.9 26.7 5397.4 ALS x ACCase
47 156.4 64.2 37.9 6.1 137.6 87.5 3547.9 24.7 5706.6 ALS x ACCase
49 156.9 65.3 33.3 6.8 123.7 78.6 2717.1 28.1 6083.6 ALS x ACCase
50 147.5 59.8 35.6 7.5 134 89.9 5423.7 22.1 5942.7 ALS x ACCase
52 156.1 63.6 33.3 6.5 147.8 914 3616.1 24.7 5153.8 ALS x ACCase
54 143.1 62.1 334 6.7 136.4 86.5 3338.1 25.8 5009.9 ALS x ACCase
55 158.1 63.0 35.6 6.9 149.2 99.5 3735.6 26.4 5103.7 ALS x ACCase
56 143.2 59.6 33.0 6.0 109.1 67.5 2702.3 24.7 5737.0 ALS x ACCase
57 144.2 60.6 33.3 6.1 112.8 69.5 2761.9 249 5602.6 ALS x ACCase
59 144.4 63.3 30.1 7.2 140.5 86.8 3235.9 26.3 4567.7 ALS x ACCase
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Entry Plant Days to Panicle Panicle Panicle Panicle A ; Grain .

code height  flowering  length  width weight  vyield KN ITKW - elg Hybrid group
60 150.8 58.9 36 6.5 137.4 90.7 3552.6 25.2 5668.6 ALS x ACCase
01 148.1 62.0 31.8 7.1 143.8 91.2 3526.1 25.6 5916.5 ALS x Regular
05 141.9 59.8 33.7 6.0 123.2 81.3 3030.6 26.6 6823.1 ALS x Regular
07 143.9 59.3 33.2 6.8 142.4 89.6 3365.6 26.3 5761.2 ALS x Regular
08 149.2 61.2 33.6 6.5 112.7 67.6 2452.2 27.4 5353.1 ALS x Regular
09 147.2 63.3 35.7 6.7 153.3 96.4 3562.7 26.5 5041.3 ALS x Regular
14 152.8 62.9 36.2 6.8 143.3 90.4 3642.8 24.6 5135.4 ALS x Regular
15 147.8 61.9 335 6.7 127.4 81.9 3108.7 26.0 6036.1 ALS x Regular
20 150.3 60.3 36.5 6.1 117.1 73.6 3025.3 24.3 57129 ALS x Regular
21 148.1 62.8 36.8 6.5 148.0 94.8 3518.4 26.3 5239.9 ALS x Regular
22 144.2 60.9 35.2 7.1 137.0 83.8 3271.2 25.3 7091.4 ALS x Regular
29 142.2 62.2 32.8 6.3 125.1 82.6 3191.9 25.8 5714.3 ALS x Regular
32 147.5 61.1 34.9 7.0 156.1 100.3 3906.7 25.4 5479.4 ALS x Regular
34 146.7 59.7 33.9 6.3 134.2 89.2 3053.3 28.7 7027.5 ALS x Regular
37 143.3 61.1 36.5 7.3 147.8 97.7 3570.6 27.1 5711.1 ALS x Regular
44 145.6 60.1 334 6.4 129.9 79.7 3136.4 25.3 5695.8 ALS x Regular
45 156.1 62.7 33.8 6.6 142.5 86.7 3163.7 27.5 5831.7 ALS x Regular
46 143.9 60.6 33.7 6.4 125.0 7.7 3014.9 25.8 5666.1 ALS x Regular
48 147.8 594 35.4 6.6 140.5 92.0 3233.1 279 6993.2 ALS x Regular
51 154.4 61.6 34.4 6.5 136.4 89.1 3022.1 28.9 6281.4 ALS x Regular
53 152.8 61.6 34.1 6.8 139.9 87.2 3306.6 25.7 5721.3 ALS x Regular
58 158.3 64.1 34.4 6.7 138.4 86.9 31114 27.1 4178.6 ALS x Regular
06 149.7 61.4 34.1 6.6 128.1 83.2 3047.1 27.0 6052.2 Regular x AC@se
10 155.0 61.6 35.0 7.4 137.2 91.2 3464.1 25.8 6657.2 Regular x AC@se
19 148.3 62.1 334 6.6 139.3 89.7 3369.8 26.2 5477.2 Regular x AC@se
38 156.1 63.7 35.1 6.4 143.0 89.2 3377.4 25.6 5133.9 Regular x AC@se
33 147.5 63.7 37.2 7.3 149.3 96.9 3789.9 25.1 6100.1 Regular x AC@se
C1 137.5 60.8 31.1 6.5 123.1 78.9 2756.6 28.0 6990.2 Check
Cc2 147.8 64.0 29.3 7.3 147.9 91.4 3129.6 28.6 6846.2 Check

Mean 148 61.6 34 6.7 134.8 87 3239.4 269 57785 -
SLSD 12.2 6.4 2.7 ns ns ns ns ns 7324 -

AKN = kernel number per panickTKW = thousand kernel weight;

8LSD = LeastSignificant difference; ns = not significant.
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Table 4.8. Mean performance of each sorghusoghum bicolo(L.) Moench) hybrid group across environments for all agronomic
and yield characteristics evaluated under Experiment set |Il.

Hybrid Group

Parameter ALS x ACCase x  ALS x ACCase x ACCase x Regular x Checks Mean SLSD
ACCase ALS Regular ACCase Regular ACCase
ﬁgi‘;';tp'am 148.2 (+0.3) 151.6(x0.8) 148.2(x0.3) 146.3(+0.7) 145.6(x0.4) 151.3(x0.5) 142.6(+x0.7) 147.7 6.2
E;‘szrti‘r’]g 61.6(x0.4) 62.8(x0.8) 61.3(x0.4) 61.1(x0.7) 61.0(x0.5) 62.4(+0.6) 62.3(+0.8) 617 ns

Panicle length 33.5(x0.2) 34.6(x0.7)  34.4(x0.2) 33.2(x0.5) 34.1(x0.3) 34.9(x0.4) 30.1(x0.7) 335 1.4
Panicle width  6.6(x0.2)  6.5(x0.6)  6.8(x0.2) 6.4(x0.5) 6.7(x0.3) 6.8(x0.4) 6.8(x0.6) 6.6  ns
Panicleweight 133.2(x4.2) 137.9(x11.2) 136.3(+4.2) 134.3(+9.3) 131.2(6.0) 139.3(7.4) 135.5(x11.2) 135.3 5.9
Panicle yield ~ 85.8(+2.7) 87.9(+7.9)  86.6(x2.7) 83.2(+6.4) 91.1(x4.1) 90.0(x5.0) 85.1(+7.9) 87.1 ns
AKN 3336(+78) 3296(+213) 3248(x78) 3167(x176) 2956(+113) 3409(+139) 2943(+213) 3193.6 ns
ITKW 25.9(+1.0) 26.5(x3.0) 26.3(x0.9) 25.8(x2.4) 31.1(x1.5) 25.9(x1.9) 28.3(+3.0) 27.1 ns
Grain yield 5514(+153) 5238(+402) 5829(+152) 6015(+332) 6019(+216) 5884(+264) 6918(+402) 5917 624

AKN = kernel number per paniclTKW = thousand kernel weight
sLSD = Least Significant differengens = not significant.

144



Table 4.9. Mean performance of each of tested sorgh8ordghunbicolor (L.) Moench) hybrid across environments for all
agronomic and yield characteristics evaluated under Experiment set |ll.

Entry Adultplant Daysto Panicle Panicle Panicle Panicle A y Grain .

Code height flowering length  width weight yield KN ITKW yield Hybrid Group
077 141.3 62.5 35.5 6.6 145.7 92.3 3475.8 26.4 5273.6 ACCasex ACCase
082 130.0 61.8 35.0 7.4 161.2 104.7 3672.8 285 4530.2 ACCasex ACCase
074 125.6 64.0 33.9 6.6 144.8 90.3 3657.0 24.6 4516.5 ACCasex ALS
093 128.8 61.3 35.8 7.6 159.8 105.0 37740 27.9 4123.0 ACCasex ALS
095 121.3 66.5 30.1 6.8 130.0 88.8 3256.8 27.1 5207.8 ACCasex ALS
096 140.6 66.5 33.6 59 1322 85.7 3330.0 255 4486.5 ACCasex ALS
109 138.1 64.0 34.5 5.5 124.7 81.6 2977.0 27.1 4572.7 ACCasex ALS
070 140.6 61.0 33.5 6.3 131.8 83.1 3099.5 26.6 5791.0 ACCasex Regular
075 131.3 64.5 315 6.6 139.3 88.1 3013.8 28.4 5641.2 ACCasex Regular
081 131.3 62.8 31.8 6.1 133.2 85.2 3045.0 27.8 5620.9 ACCasex Regular
083 139.4 60.8 33.8 6.8 161.8 103.4 3217.3 32.0 5724.6 ACCasex Regular
092 141.3 61.5 35.8 6.6 132.3 82.5 3047.8 27.0 6076.9 ACCasex Regular
097 145.6 66.5 37.0 6.1 1418 89.1 3249.8 27.0 5700.9 ACCasex Regular
112 114.4 63.0 29.3 6.2 108.2 68.3 2597.0 26.3 5684.7 ACCasex Regular
061 135.6 65.0 32.9 6.8 140.4 87.5 3601.0 24.2 4234.4 ALS x ACCase
062 131.9 60.5 35.4 6.8 151.8 93.8 3418.8 27.3 4084.1 ALS x ACCase
063 142.5 60.0 36.0 6.2 1489 97.1 3789.3 255 4269.0 ALS x ACCase
065 137.5 64.0 35.5 74 1541 99.4 38555 25.6 3120.1 ALS x ACCase
066 126.3 63.3 33.5 6.1 1349 815 3171.8 255 4626.0 ALS x ACCase
068 138.1 59.0 34.0 6.4 131.6 84.5 3580.0 235 4285.0 ALS x ACCase
069 130.0 62.5 36.0 6.4 139.6 89.3 3347.8 26.6 5657.6 ALS x ACCase
072 135.6 63.8 315 6.6 150.5 98.9 3575.3 27.2 4529.9 ALS x ACCase
073 140.6 63.5 32.1 6.2 1249 80.4 3309.5 24.3 3930.5 ALS x ACCase
076 143.1 67.0 32.1 7.8 1916 129.8 4517.3 28.1 6178.1 ALS x ACCase
078 133.1 63.0 34.8 6.6 146.0 100.3 3794.3 26.2 4541.6 ALS x ACCase
079 131.9 62.0 36.1 6.4 140.3 90.8 3353.8 26.9 4324.0 ALS x ACCase
080 135.0 61.0 315 6.2 119.6 78.0 2903.0 26.3 4861.5 ALS x ACCase
085 140.0 60.5 35.8 6.5 1534 103.2 4066.3 25.0 3775.5 ALS x ACCase
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Entry Adultplant Daysto Panicle Panicle Panicle Panicle A y Grain .

Code height flowering length  width weight yield KN ITKW yield Hybrid Group
086 136.3 65.0 30.0 7.3 150.2 97.8 3567.3 27.1 4979.1 ALS x ACCase
087 125.6 63.5 30.9 6.7 133.8 87.3 3063.0 28.5 5454.8 ALS x ACCase
088 136.9 64.5 34.6 6.9 1721 1119 4228.0 26.4 4225.4 ALS x ACCase
089 136.9 63.5 34.0 58 136.4 90.3 3317.8 26.9 4576.3 ALS x ACCase
091 141.9 64.0 35.0 6.6 164.6 108.2 40215 26.6 5007.5 ALS x ACCase
099 124.4 63.5 30.1 7.4 1516 104.2 3571.3 28.4 4406.8 ALS x ACCase
100 132.5 64.5 32.8 6.4 148.0 945 3761.8 25.1 5025.8 ALS x ACCase
103 132.5 59.8 31.8 6.2 127.8 85.0 3443.0 24.2 4407.1 ALS x ACCase
104 141.3 64.8 34.4 7.3 146.4 92.8 3614.3 25.3 4804.8 ALS x ACCase
105 135.0 60.0 34.5 7.0 1574 105.8 42445 249 4505.4 ALS x ACCase
108 128.1 61.5 35.5 6.4 139.7 94.6 34245 27.3 5253.4 ALS x ACCase
111 138.8 60.5 33.6 6.5 1375 95,5 3323.8 28.1 4793.7 ALS x ACCase
113 133.8 62.5 32.4 5.9 114.8 735 27775 26.0 4271.6 ALS x ACCase
094 138.1 61.3 33.9 6.6 161.6 104.9 3556.0 28.7 5216.4 ALS x Regular
101 143.8 67.5 34.8 6.6 170.2 110.2 4091.8 26.7 4391.0 ALS x Regular
106 134.6 64.1 32.5 6.3 128.2 89.3 2607.8 34.5 5904.3 ALS x Regular
107 140.0 65.8 33.1 6.1 137.0 92.0 2923.8 31.0 5601.5 ALS x Regular
064 132.5 64.5 33.9 6.4 150.2 98.0 3731.8 26.3 4419.8 Regular x ACG@se
067 136.3 72.5 33.1 6.5 166.2 114.3 4120.8 27.6 5610.2 Regular x ACG@se
071 137.5 68.5 33.1 6.9 1584 108.2 4204.5 25.2 4194.6 Regular x AC@se
098 139.4 68.3 35.8 6.7 175.7 119.8 3905.3 30.5 4388.7 Regular x AC@se
102 132.5 70.0 30.9 7.1 190.6 129.7 4130.8 30.8 4710.0 Regular x AC@se
110 125.6 66.5 32.0 7.0 187.3 122.7 4587.8 26.5 4833.2 Regular x ACG@se
084 138.8 70.8 33.1 73 1514 99.9 3651.0 26.8 4087.3 Regular x ALS
090 135.6 69.5 32.6 6.2 130.3 88.0 31135 27.6 4815.9 Regular x ALS
114 131.9 66.0 32.3 6.5 1283 85.4 33735 25.0 3580.9 Regular x ALS
C1 121.3 67.0 31.8 6.6 139.8 94.3 3077.3 30.4 5058.9 Check
C2 129.4 65.5 314 6.7 153.0 100.7 3774.3 26.8 5698.9 Check

Mean 134.5 64 33.4 6.6 146.1 95.7 3516.1 27 4814.1 -

5.SD 14.7 5.4 3.6 1.2 46.8 37.4 324 4.2 783 -

AN = kernel number per panic®TKW = thousand kernel weightLSD = LeastSignificant difference.
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Table 4.10. Mean performance of each sorghusofghum bicolofL.) Moench) hybrid group across environments for all agronomic
and yield characteristics evaluated under Experiment set III.

Hybrid Group

Parameter ALS x ACCase x ALS x ACCase x ACCase x Regularx  Regular x Checks Mean SLSD
ACCase ALS Regular ACCase Regular ACCase ALS
Ele?g;t 135.0(x0.8) 130.9(x1.8) 139.2(x2.1) 135.6(x2.9) 134.8(x1.6) 134.0(x1.7) 135.4(x2.4) 125.3(x2.9) 133.8 7.6
Esvﬁrtiﬁg 62.7(+0.4) 64.5(x0.6) 64.50.7) 62.1(x1.0) 62.9(x0.6) 68.4(x0.6) 68.8(x0.8) 66.3(x1.0) 65 2.3
lF; f}g‘tﬂe 33.6(x0.3) 33.6(x0.6) 33.9(x0.7) 35.3(x0.9) 33.2(x0.5) 33.1(x0.5) 32.7(x0.8) 31.6(x0.9) 334 ns
Ev%r;'ﬁ'e 6.6(+0.1) 6.5(x0.2)  6.4(x0.2) 7.0(+0.3) 6.4(x0.2) 6.8(x0.2) 6.6(x0.2) 6.7(x0.3) 6.6  ns
\Tvnglﬁte 144.7(+x2.9) 138.3(x5.7) 151.4(x6.4) 153.4(x8.8) 135.5(x4.9) 171.4(x5.3) 136.7(x7.3) 146.4(x8.8) 147.2 16.2
;2?&‘;"3 94.6(x2.0) 90.3(x4.1) 101.0(x4.6) 98.5(x6.3) 85.7(+3.5) 115.4(x3.7) 91.1(¢5.2) 97.5(+6.4) 96.8 10.3
AN 3579(x62) 3399(+136) 3362(x152) 3574(x212) 3038(x115) 4113(+214) 3379(x174) 3425(x212) 3484 194
ITKW 26.1(x0.2) 26.4(x0.5) 30.1(x0.6) 27.4(x0.8) 27.8(x0.4) 27.8(x0.5) 26.4(x0.7) 28.5(x0.8) 27.6 1.6
;Bi;";‘é” 4507(+168) 4581(+274) 5277(x301) 4901(:401) 5748(+242) 4692(+256) 4161(+336) 5378(+x401) 4917 702

AN = kernel number per panicTKW = thousand kernel welt,
sLSD = Least Significant difference; ns = not significant.
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Table 4.11. Pearson correlation coefficients beten evaluated yield componefds all hybrids tested under Experiment set I.

AChl. Fluo. : : - - ]
Parameter Chlorophyli Pla_lnt Dayst_o Panicle Panlcle Pa_nlcle P_anlcle KN STKW
content height flowering  (Fv/Fm) length width weight yield
Plant height 0.134**
Days to 0.048 -0.026
flowering
AChl. Fluo. . .
(FulFm) 0.37 0.126*  0.103
lp anicle 0.006 0.526* 0071  0.089
ength
Panicle 0.143 0.247*  -0.044  0.041 0.345+
width
Panicle 0.008 0.28%*  -0.016  0.036 0.445*  0.631*
weight
;2?&0'9 0.138* 0.104  -0.089* 0.154* 0.216*  0.449* 0.871*
YKN 0.117%+ 0.117*  -0.093*  0.164* 0.24%*  0.506* 0.844*  0.927*
STKW 0.090 0.079 -0.079  0.016 0.002 0.059  0.395* 0.548*  0.211*
Grain yield 0.18F* 0.028*  -0.240* 0.110* 0.0290** 0.217* 0.159*  0.22%*  0.194* 0.144*

AChl. Fluo. =chlorophyll fluorescence’KN = kernel number per panicRTKW = thousand kernel wel
* and** statisticallysignificant atP ¢ 0.05 and 0.01, respectively.
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Table 4.12. Nutritional and physical grain quality traits of sorghuso(ghum bicolofL.) Moench) hybrids evaluated undat
experimental sets.

Set | Hybrid group

Parameters Unit ALS x ALS ALS x Regular Regular x ALS Checks Mean LSD
Protein % 14.9(x0.3) 14.1(x0.3) 15.9(x0.3) 13.5(x0.8) 146 180
Starch 73.6 (x0.2) 73.5 (x0.2) 72.6(x0.2) 72.8 (x0.7) 732 0%
Fat 4.4 (x0.1) 4.3 (x0.1) 4.1 (x0.1) 4.6 (x0.2) 440 0.24
Ash 1.7 (x0.02) 1.7(x0.02) 1.7 (x0.02) 1.5 (x0.06) 1.65 0.17
Nitrogen (N) 2.0 (x0.03) 1.8 (£0.03) 2.1 (x0.03) 1.9 (£0.09) 1.95 0.16
Phosphorus (P) 0.36 (x0.01) 0.34 (x0.01) 0.37 (¥0.01) 0.29 (x0.02) 0.34 0.
Potassium (K) 0.28 (x0.01) 0.34 (x0.01) 0.31(x0.01) 0.28 (£0.02) 0.30 0.6
Calcium (Ca) 0.017 (x0.001) 0.019 (+0.001) 0.018 (x0.001) 0.014 (+0.002) 0.017 0.004
Magnesium (Mg) 0.16 (x0.003) 0.15 (x0.003) 0.17 (¥0.003) 0.14 (+0.009) 0.16 0.02
Iron (Fe) ppm 36.9 (x0.78) 33.1(x0.78)  40.9 (x0.78)  34.2(x2.5) 36.3 3.70
Zinc (Zn) 23.7 (£0.7) 21.6 (x0.7) 26.1 (£0.7) 19.9 (£2.3) 228 2.17
Copper (Cu) 3.30 (x0.13) 2.60 (x0.13) 3.40(x0.13)  2.00 (x0.39) 2.80 0.65
Manganese (Mn) 14.2 (+0.4) 14.2 (£0.4) 14.5 (x0.4) 11.0 (x1.3) 13.5 3.20
Kernelhardness YHI 84.8 (x1.5) 74.6 (£1.5) 77.7 (£1.5) 76.5 (£3.8) 78.4 7.10
Kernel diameter mm 2.5 (x0.02) 2.6 (£ 0.02) 2.5 (x0.02) 2.7 (x0.06) 2.60 0.08
Set ACCase x ACCase x Regular x  ALS x ACCase x ALS x Regular x Checks Mean ALSD
ACCase Regular ACCase ACCase ALS Regular ALS

Protein(%)  11.4(x0.3) 11.6(#0.2) 12.0(x0.2) 11.8(x0.2) 11.6(x0.3) 11.6(x0.2) - 11.5(x0.5) 11.6 ns
Starch(%) 74.9(£0.3) 75.1(x0.2) 75.4(x0.2) 74.9(x0.1) 75.6(x0.4) 75.1(x0.1) - 74.9(z0.5) 75.1 ns
Fat(%) 4.9(x0.05) 5.0(x0.03) 4.8(x0.04) 4.9(x0.02) 5.0 (x+0.06) 4.8(x0.02) - 5.0(x0.08) 49 0.22
Ash (%) 1.5(x0.03) 1.5(x0.02) 1.5(#0.02) 1.5(x0.01) 1.5(x0.04) 1.5(x0.01) - 1.4(x0.05) 15 ns
Set Il

Protein(%)  11.8 (#0.3) 10.8(x0.2) 11.1(x¢0.2) 11.1(x¢0.1) 11.1(x0.2) 11.1(x0.2) 11.2(x0.2) 10.7(¢0.4) 111 ns
Starch(%) 76.6(x0.3) 75.9(x0.2) 75.3(#0.2) 75.5(x0.1) 76.7(x0.2) 75.8(x0.2) 76.7(x0.3) 75.8(x0.5) 76.0 0.91
Fat (%) 5.0 (x0.04) 5.0 (¥0.02) 5.0 (x0.03) 5.0 (+0.01) 5.1(x0.03) 5.0(x0.03) 5.2(+0.03) 5.0 (+0.06) 50 0.20
Ash (%) 1.5(x0.03) 1.4(x0.02) 1.4(+0.02) 1.4(+0.01) 1.4(x0.02) 1.4(x0.02) 1.3(x0.03) 1.3(+0.04) 1.4 0.10

A SD = Least Significant differengé&HI = Hardnessndex; ns = not significant.
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Discussion

Resistance basedeed controloptions stand out as one of the most viable approaches
towards effective weed managementagronomic cropsin its short existence, the glyphosate
resistance has revolutionized weed control where cultivars bred for reststéimederbicide have
taken over the largest share of acreage planted. Many crops including sorghum, however, have
been left out from benefiting from this or similar technology. Owmghe difficultyand cosin
discovering new herbicide chemistries éinding novel mode of acticsbeing even more difficult
(Gressel, 2002)t's unlikely that any new herbicide chemistries solely targeting sorghuther
relatively minor cropswould be introduced to the market in the recent future. Therefore,
developmenof novel varietiegesistant to one or more tfe existing herbicide chemistries
plausible and caoffer growersmore herbicidechoicesand mixturesif resistance to more than
one herbicide becomes availaf@@een et al., 2008)Following the discovery of resistant mutants
to ALS and ACCase inhibitor herbicides among wild sorghum populations, significant efforts were
made to incorporate these traits into cultivated grain sorghum. These efforts are bearing fruits that
several see@ompanies and Kansas State University have developed series of agronomically
desirable parental lines into which the resistance traits were incorporated. One outstanding
concern raised by growers and the industry alike is the possible yield drag thbe maysed
either by the unusually yellow seedling phenotype associated with ALS resistance trait or by the
wild genes that may drag along the resistance gene. Industries speculate about how much yield
penalty farmers are willing to accept while at the sdime expect to pay@emiumprice for the
technology at least during the initial years of its deployment. This study was aimed at answering
these questions and attempts to determine how much yield drag, if any, is associated with herbicide

resistance.
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The result showed that hybrids resistant to ALS inhibitor herbicides tend to express
seedling chlorosis which eventually disappears at later stages of growth (Table 4.5) and that
photosynthetic efficiency in adult ALS resistant hybrids was the same tee isusceptible
commercial checks (Table 4.6). Though the early season chlorosis may certainly reduce
photosynthetic efficiency at early stage, it appears to have no or little effect on phenology and
agronomic characteristics of the adult plant (Figurg. 4nlone of the experimental sets (set 1), the
mean grain yield of eight ALS resistant hybrids was 4999 kg dmanpared to the mean of
commercial checks which was 4696 kg'H@able 4.6). Other yield components such as grain
weight panicle yield, TKW we not affected suggesting that photosynthetic stress caused by
seedling chlorosis at early growth stages has little impact on these traits. This agrees with previous
studies where much of the assimilate contributing to grain yield and yield components was
reported to come from current photosynthéRighards, 2000)Results from experimental sets Il
and Ill were also similar to set | (Tables 4..20) except that mean grain yield of commercial
checks was superior to that of the herbicide resistant giowges 11 Experiment though there are
several herbicide resistant hybrids that had yields higher than or comparable to the checks (Table
4.7). The early season chlorosis and the associated reduced seedling vigor is obviously undesirable
and the hybrids magompete poorly against early season weed flushes. However, since they are
resistant to herbicides over the top chemicals can be applied to eliminate any damage that these
weeds may cause.

The effect of herbicide treatment was not studied in this expatilmecause some of the
entries are herbicide susceptible. But the result from previous chapter shows that though flowering
may be delayed by-2 days, herbicide treatment does not have any effect on yield of inbred lines.

Based on that and previous obsgions we expect that yield potential in ALS resistant hybrids
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will not be affected by herbicide treatment. In fact in fields whereeprergence weed control is

not effective, ALS herbicide application is expected to maintain high yield by reducing weed
competition. Since the herbicides do not bind with the ALS enzyme in resistant plants to
compromise their function, the typical herbicide damage response seen in susceptible plants such
as leaf browning or bottle brush roots (UniversityMigsouri 2016) ae not visible in resistant
sorghums.

Similar to the agronomic parameters, nutritional profiles of ALS resistant hybrids were
comparabldo that of susceptible commercial checks. The major nutrients such as protein, starch
and fat in herbicide resistagtoups was the same as that of the checks under all environments.
Nevertheless, some of the mineral nutrients such as phosphorus and calcium as well as micro
nutrients such as copper, zinc and manganese appear to be higher in herbicide resistany hybrids b
an order of 17 to 21% for macro nutrients ar8i086 for micro nutrients compared to the checks.

But the concentration of other minerals such as iron and potassium is similar to that of the checks.
The difference in the mineral profiles between the hatbitesistant and susceptible hybrids may

be either the result of genes that may have inadvertently introduced along with the resistance genes
or is simply the background effect as the susceptible checks may be likely distant from the public

herbicide restant hybrids.

Conclusion
With concerns over yield drags possibly caused by the ALS mutation still hanging, the
ALS resistant hybrids are making their way toc
were sold for 2016 planting andrfners will see, for the first time not just the effects of the yield

drag but also the prospect of over the top herbicide use in sorghum. This study showed that though
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ALS resistance genes are associated with seedling yellowing which is the basisctorahms,

yield drag as a result of such phenomena is unlikely. Moreover, the wide difference in leaf
chlorophyll content among ALS resistant hybrids shows that proper selection after and before
herbicide application can reduce the occurrence of such pipeso Likewisepoththe ALSand
ACCaseresistanhybrids also do not have negative effect on nutritional profile of the grains that
theseresistant hybrid crops can be used in all food, feed and industrial applications that sorghum

has been traditionallysed for.
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AppendixA-Suppl ement al

nf or mat i

Table A.1. The read mapping summary for yellow and normal samples at each stage of

sampling.

on

Trimmed Mapped Confident Confident
Sample Reads Reads Mapped% Mapped Reads Mapped%

GreenSOstagerepicatel 17100000 16717481 97.8 15489374 90.6
GreenSOstagerepicate2 11386966 10314346 90.6 9478054 83.2
GreenSOstagerepicate3 8138406 7919657 97.3 7302557 89.7
GreenS1 stageepicatel 12544645 11972499 95.4 11094164 88.4
GreenS1 stageeficate?2 11304313 11009385 97.4 10188836 90.1
GreenSl stagereficate3 12367994 12098903 97.8 11261965 91.1
GreenS2 stagerepicatel 12715191 12151177 95.6 11236344 88.4
GreenS2 stageepicate2 11345117 10851960 95.7 10078756 88.8
GreenS2 stagerepicate3 15031984 14694783 97.8 13570020 90.3
GreenS3 stagereicatel 12185823 11838370 97.1 10975077 90.1
GreenS3 stageeficate?2 10549889 10096828 95.7 9352468 88.6
GreenS3 stagereficate3 10053833 9774332 97.2 9048876 90

Yellow-SO stagereficatel =~ 12932513 12585942 97.3 11656006 90.1
Yellow-SO stagerepicate2 14913289 14551466 97.6 13512155 90.6
Yellow-SO stagerepicate3 14578395 14244619 97.7 13222902 90.7
Yellow-S1 stageepicatel 8850648 8598795 97.2 7995057 90.3
Yellow-S1 stageeficate2 11699313 11428736 97.7 10566808 90.3
Yellow-S1 stageeficate3 11271245 10928415 97 10133689 89.9
Yellow-S2 stageepicatel ~ 14450551 14051613 97.2 13064471 90.4
Yellow-S2 stageepicate2 13050379 12460776 95.5 11593536 88.8
Yellow-S2 stageepicate3 11872101 11542378 97.2 10755236 90.6
Yellow-S3stageredicatel ~ 11241136 10989004 97.8 10182955 90.6
Yellow-S3 stageegicate2 11541148 11235620 97.4 10434927 90.4
Yellow-S3 stageaegicate3 12012777 11625966 96.8 10759674 89.6
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Table B.1. The effect of herbicide treatment and seedling phenotype on physiological and
agronomic characteristics of ALS herbicide resistant sorgl8orgbum bicolofL.) Moench)
genotypes evaluated with and without herbicide treatiftenvironment 1).

Chlorophyll content Plant height Biomass
(SPAD units) Days to (cm) (9)
Treatment Effects Seedlin Adult Flowering Seedlin Adult Seedlin Adult
9 Plant 9 plant 9 plant
Herbicide
Untreated 33 55.3 70.4 18.8 129.3 46.9 3360
(£0.31) (+0.26) (x0.21) (x0.31) (0.25) (#x1.1) (6.3)
Treated 28.6 53.3 71.7 159 1223 32.3 3448
(£0.31) (0.26) (x0.21) (¢0.31) (0.25) (#1.1) (6.3)
Mean 30.8 54.3 71.1 17.4 1258 39.6 3404
A SD 2.56 ns ns 1.09 5.25 5.76 ns
Seedling Color
vellow 27.8 54.5 72.3 16.7 128 33.8 3394
(£0.65) (x0.69) (x0.57) (x0.32) (x0.67) (1.8) (#9.3)
Normal 37.1 54 68.4 18.6 97.2 51.5 342.5
(£0.92) (x0.98) (x0.80) (+0.46) (x0.92) (x2.4) (x13.2)
Mean 32.5 54.3 70.4 17.7 112.6 42.7 340.9
ALSD 2.37 ns 1.96 1.23 565 5.92 ns

A SD = Least significant differencas = not significant.
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Table B.2. The effect of herbicide treatment and seedling phenotype on physiological and
agronomic characteristics LS herbicide resistant sorghurf8drghum bicolofL.) Moench)
genotypes evaluated with and without herbicide treatment (Environment 2).

Chlorophyll content Plant height Biomass
(SPAD units) Days to (cm) (9)
Treatment effect Seedlin Adult Flowering seediin Adult Seedlin Adult
9 Plant 9 plant 9 plant
Herbicide
23.4 55.4 72.9 18.1 106.3 30.3 317.71
Untreated
(x0.57) (x£0.63) (x0.60) (x0.24) (x2.0) (x0.84) (x4.79)
Treated 29.7 55.5 75 16.2 102.8 349 260.7
(x0.57) (x0.63) (x0.60) (x0.24) (x2.0) (x0.84) (x4.79)
Mean 26.6 55.4 73.9 17.1 104.6 32.6 289.2
ALSD 2.67 ns ns 0.61 ns ns 268
Seedling Color
vellow 23.2 55.1 73.8 16.8 104.5 31.0 279.7
(x0.65) (x£0.56) (x0.91) (x0.19) (x1.57) (x1.11) (8.2)
Normal 33.4 56.6 74.2 17.7 104.4 35.7 308.3
(£0.92) (+0.69) (1.29) (x0.27) (£1.92) (x1.57) (¢11.6)
Mean 28.3 55.8 74.0 17.3 1045 33.4 294.0
A_SD 2.53 1.39 ns 0.73 ns 3.86 ns

A SD = Least significant differencas = not significant.
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Table B.3. Phenology and growth characteristics of ALS herbicide resistant sorghum genotypes evaluated with and without herbicide
treatment during the 2013 and 2014 seasons (Environment 1).

Chlorophyll content (SPAD units) . Plant height (cm) Biomass (Q) .
: Days to flowering . - "Seedling
Genotype Seedling Adult plant Seedling Adult plant Seedling Adult plant color
Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreated Treated
MN13-7458 38.0 40.4 51.1 55.2 67.5 64.5 21.3 18.1 129.2 116.2 83.5 55.8 376.9 256.4
MNO07-1916 42.2 40.2 63.8 63.5 68.5 65.5 18.5 16.6 120.5 100.7 36.9 355 273.0 303.6
MN13-7450 39.7 39.3 545 54.7 65.0 66.0 20.3 18.0 116.2 105.5 74.0 51.0 468.2 345.1

PR12/137632 35.2 37.8 46.5 35.9 76.5 71.5 18.5 16.3 133.7 118.7 34.5 35.6 231.2 3115
PR12/137634 30.5 33.5 47.1 32.4 71.5 72.0 195 17.2 1090 118.2 62.2 37.6 4244  234.6
MN13-7498 38.4 36.6 53.5 57.8 64.5 62.5 21.8 19.3 123.7 108.7 79.5 43.0 293.2 389.8
MN11-10362 38.9 36.4 58.1 57.1 74.0 75.0 20.0 17.1  143.7 1375 55.2 30.1 4318 519.2
PR12/137631 39.8 36.3 55.1 36.5 71.5 73.0 18.6 16.5 131.5 1170 59.7 33.9 381.0 396.5

MN13-7462 38.1 36.3 55.1 57.6 64.0 62.5 20.0 17.5 113.7 105.5 66.3 35.9 300.8 193.4
PR12/13763-3 34.1 34.8 54.1 54.5 71.5 75.5 18.1 17.3 130.7 121.5 54.9 40.0 455.8 317.7
MN13-7439 37.3 35.1 57.6 53.9 64.0 62.5 21.3 18.3 1400 130.2 70.2 47.2 345.0 324.5

PR12/137635 30.3 34.9 55.0 31.5 71.5 72.0 18.2 16.4 1270 125.7 41.4 38.5 401.0 314.1
PR11/121026 36.9 34.9 51.6 60.7 64.5 65.5 211 17.7 123.2 117.5 70.7 47.6 282.5 315.1

MNO07-2118 31.0 32.9 54.7 55.0 64.5 64.5 18.0 15.6 123.2 109.2 56.4 42.0 2274  206.2
MN13-7840 31.4 31.7 57.8 58.3 61.0 62a 21.3 17.5 111.2 107.5 65.3 35.2 329.7 246.1
PR11/12852 33.2 31.3 56.0 56.4 76.5 83e 19.0 15.8 1420 131.2 41.7 36.8 350.6 414.2
MN13-7838 34.5 30.4 56.5 62.5 61.5 62.5 18.2 15.9 110.7 104.0 48.5 452 2249  236.0
PR11/12873 34.0 30.0 59.6 59.5 76.0 75.5 24.0 155 121.2 114.5 51.5 37.5 455.3 485.1
MN13-7463 32.6 30.0 51.9 58.0 64.5 65.5 20.8 18.4 120.7 118.2 53.7 37.5 265.6  306.9
PR11/12850 33.6 29.3 62.3 61.9 76.5 80.0 18.1 15.7 138.7 145.2 46.1 41.2 433.2 4198
MN13-7923 36.9 20.1 57.4 40.1 64.5 73.5 19.8 16.1 1090 106.2 84.2 31.7 343.4  363.9
PR11/12851 38.1 28.4 61.6 58.8 76.5 80.5 19.0 15.8 1390 128.2 53.1 22.1 3525 4270
PR11/12984 33.6 27.4 60.7 42.9 68.0 73.0 171 135 113.7 109.5 43.1 17.2 2747  321.0
MN13-7455 34.2 24.5 56.0 59.5 64.5 67.0 20.3 17.7 1125 1125 45.8 38.1 322.8 267.4
MN13-7499 32.3 24.2 54.5 57.3 64.5 62.5 20.3 17.8 106.2 1020 49.8 42.3 296.8 2475
MNO7-2165 27.2 22.4 59.0 59.9 73.5 78.0 191 13.4 105.7 107.0 27.9 19.1 314.0 3173

PR12/137643 24.8 19.6 455 53.3 71.5 75.5 18.8 14.2 150.7 157.5 27.3 19.8 358.7 354.1
PR12/137621 25.0 19.6 56.5 56.4 73.5 75.5 155 13.0 1300 1290 20.7 16.4 248.5 330.1
PR12/13764-2 22.6 19.3 54.0 53.1 73.0 75.0 17.0 125 150.2 152.5 18.9 121 312.6 3448
PR12/137622 25.5 19.2 57.0 54.7 74.5 78.5 14.8 14.0 125.7 116.5 26.2 12.4 302.6 426.4
PR9/1047201 22.7 18.1 58.0 56.5 76.0 80.0 151 15.2 1500 141.2 23.1 18.9 377.9 4725
MN13-7500 195 17.9 52.6 55.2 76.5 78.5 16.3 14.0 163.2 1550 32.5 32.3 5100 537.8
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Chlorophyll content (SPAD units) . Plant height (cm) Biomass (g) ‘
: Days to flowering _ . ASeedling
Genotype Seedling Adult plant Seedling Adult plant Seedling Adult plant color
Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreatec Treated Untreated Treated
PR12/137644 19.2 17.1 52.0 54.0 77.0 76.0 16.3 14.7 166.7 142.5 15.3 15.0 162.9 338.6 Y
PR12/13761 21.1 16.5 55.3 53.2 76.5 77.5 12.6 12.2 123.2 115.2 23.5 18.6 327.3 363.0 Y
PR12/137646 23.3 15f 52.4 52.2 74.0 74.0 16.0 13.1 1390 134.5 25.6 215 346.2 2725 Y
PR12/137641 21.1 14.4 59.0 53.3 76.5 75.5 14.8 14.3 156.2 1445 21.4 17.4 293.7 399.1 Y
Tx430 40.3 - 57.7 - 65.3 - 18.0 - 102.5 - 325 - 390.9 - G
Mean 33.2 28.6 55.4 53.4 70.4 71.7 18.6 15.9 129 122.25 47 32.3 336.0 342.0 -
YLSD 3.38 3.95 3.35 3.17 3.4 3.09 3.4 2.81 4.7 4.5 12.8 11.7 66.1 58.29 -

ASeedlingecolor Y= yellow G = Green;

YLSD = Least significant difference
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Table B.4. Phenology and growth characteristics of ALS herbicide resistant sorghum genotypes evaluatedwiittoantderbicide

treatment during the 2013 and 2014 seasons (Environment 1).

Chlorophyll content (SPAD) Davs to flowerin Plant height (cm) Biomass (g) . .
Genotve Seedling Adult plant y 9 Seedling Adult plant Seedling Adult plant ASeeIdllng
P Untreated Treated Untreated Treated Untreatec Treated Untreated Treated Untreated Treated Untreatec Treated Untreatec Treated color
PR11/121026 32.2 42.2 58.4 56.7 72.0 71.5 18.5 16.0 115.0 100.0 53.1 36.0 229.4 289.3 G
MN13-7923 315 41.5 57.1 57.8 62.0 68.5 20.0 17.5 1025 101.3 28.5 48.8 307.9 222.1 G
MN13-7450 35.3 41.5 58.0 59.7 73.0 72.0 19.5 16.5 95.0 92.5 15.1 31.7 486.0 346.2 G
MN13-7462 30.9 40.1 60.0 59.8 68.0 69.0 18.5 16.0 107.5 1025 457 41.4 3445 237.0 G
PR12/137631 22.4 394 50.0 53.5 85.5 77.0 17.0 135 83.8 98.8 33.1 25.7 538.9 352.1 G
MN11-10362 23.7 34.3 54.8 55.1 75.5 84.0 18.0 18.5 118.8 126.3 449 36.4 403.2 409.5 Y
PR12/13763-4 30.3 33.2 49.3 51.4 83.5 80.5 15.5 16.0 90.0 106.3 135 26.5 383.4 279.1 Y
PR12/137635 25.8 31.7 55.6 48.5 76.0 88.5 17.5 16.0 95.0 100.0 32.7 31.4 263.5 257.5 Y
MN13-7439 21.1 38.4 54.5 57.7 71.0 71.0 21.5 16.5 117.5 116.3 31.6 40.2 368.2 271.2 G
MNO07-1916 26.5 37.3 62.1 58.2 62.0 67.5 19.5 18.5 101.3 106.3 16.3 32.9 223.0 203.7 G
PR12/137632 38.4 36.3 56.6 54.0 80.5 96.0 15.5 12.5 90.0 110.0 28.3 40.7 261.5 195.0 G
PR11/12851 34.1 36.0 63.5 59.2 91.5 97.5 20.0 16.5 1025 108.8 34.3 225 309.6 375.2 G
MN13-7458 33.8 35.4 495 54.1 69.0 69.0 20.5 18.5 92.5 108.8 34.0 53.9 279.3 195.0 G
PR12/13763-3 18.6 34.9 51.2 55.5 835 86.5 17.0 15.0 85.0 103.8 26.2 24.3 321.6 195.0 Y
MN13-7463 31.0 33.2 56.7 57.3 69.5 68.5 18.5 17.5 110.0 103.8 43.3 39.7 377.3 239.0 Y
MNQ7-2118 28.4 33.2 55.3 52.2 65.5 66.5 18.0 16.5 106.3 107.5 37.5 65.6 262.7 221.7 Y
MN13-7498 27.2 32.5 57.1 50.4 61.5 67.5 20.0 19.0 108.8 105.0 44.6 39.5 294.0 299.8 G
MN13-7838 18.6 32.3 58.3 56.1 57.5 63.5 19.0 17.0 103.8 93.8 30.6 43.7 205.3 195.0 Y
PR11/12852 24.6 31.5 53.7 54.3 90.0 94.0 18.0 16.5 108.8 121.3 21.3 24.5 279.7 320.1 Y
PR11/12984 20.5 29.9 61.9 59.2 67.5 65.0 17.0 17.0 106.3 113.8 39.7 31.2 276.3 262.2 Y
PR11/12850 19.9 29.7 54.5 55.4 77.0 88.5 19.0 16.5 111.3 123.8 29.8 32.9 347.2 290.2 Y
MN13-7840 23.9 28.8 58.5 56.1 62.0 65.0 20.0 18.5 101.3 98.8 33.9 28.3 228.8 195 Y
MN13-7455 19.3 28.3 55.9 60.7 70.0 66.5 20.5 17.5 100.0 101.3 394 38.0 335.7 278.3 Y
PR11/12873 20.2 27.9 52.6 58.0 74.5 82.5 19.0 16.5 105.0 111.3 31.9 39.1 422.2 331.3 Y
MN13-7499 21.7 27.7 58.4 56.5 61.0 65.5 19.0 18.0 106.3 110.0 14.3 457 288.6 298.8 Y
PR12/13762-2 20.9 23.3 55.1 55.6 74.0 78.0 16.0 14.5 92.5 103.8 325 19.2 375.2 233.7 Y
PR12/13762-1 20.1 21.6 55.9 56.3 72.0 71.0 17.5 16.0 98.8 107.5 275 37.2 339.0 216.8 Y
MNO07-2165 17.3 21.0 54.1 62.3 76.0 69.0 17.5 15.0 78.8 85.0 41.1 36.0 276.9 225.4 Y
PR12/13764-2 15.2 18.4 50.9 53.2 72.0 71.0 16.5 15.0 118.8 106.3 21.0 24.1 278.7 208.7 Y
PR12/13761 17.5 17.8 52.3 53.7 81.5 81.0 15.0 13.0 88.8 92.5 18.0 22.5 263.0 195.0 Y
MN13-7500 20.2 17.8 51.9 55.3 72.0 73.5 21.0 17.5 113.8 107.5 33.3 36.7 482.2 505.8 Y
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Chlorophyll content (SPAD) ) Plant height (cm) Biomass (g)
- Days to flowering - - ASeedIing
s Seedling Adult plant Seedling Adult plant Seedling Adult plant color
enotype
P Untreated Treated Untreated Treated Untreatec Treated Untreated Treated Untreated Treated Untreatec Treated Untreatec Treated
PR9/1647201 16.1 17.4 54.0 58.5 77.0 77.5 16.0 15.0 105.0 107.5 21.4 42.2 264.4 380.6 Y
PR12/13764-3 19.1 15.8 52.6 51.5 74.5 68.0 17.5 15.0 106.3 111.3 24.0 21.7 232.0 195.0 Y
PR12/13764-4 17.1 14.6 55.0 52.7 73.5 75.0 17.0 15.5 118.8 115.0 30.1 23.1 338.9 195.0 Y
PR12/137641 17.7 14.1 57.6 52.0 71.5 73.5 16.5 15.5 111.3 1125 23.9 40.0 244.9 244.2 Y
PR12/13764-6 18.0 11.8 53.9 51.6 72.0 71.5 17.5 14.5 110.0 108.8 20.7 23.1 303.7 204.8 Y
Tx430 36.4 - 57.0 - 70.3 - 17.5 - 114.3 - 35.0 - 314.4 - G
Mean 23.3 29.7 55.5 55.6 72.9 75 18.2 16.2 102.7 106.2 30.5 34.6 317.6 266.4 -
YLSD 4.3 4.5 3.2 3 3.6 3.7 2.9 2.5 16.2 17 10.9 9.6 57.1 69.3

f*SeedIingcoIor Y= yellow G = Green;
YLSD = Least significant difference
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Table B.5. Mean of the effect of herbicide treatment and seedling phenotype on agrgasaneters and yield components of ALS
herbicide resistant sorghur8drghum bicolofL.) Moench) genotypes evaluated with and without herbicide treatment (Environment 1).

Treatment

Chlorophyll

Adult plant

Days to

Panicle

Panicle

Panicle

Panicle

Effects content Height flowering length diameter weight yield KN it Grain yield
Herbicide

Control 554(x056) 103.3+1.6) 73(x0.73) 25.2(+039) 56(x0.08) 76.9¢2.19 52.8+157) 2169+57.7) 24.4+0.2) 3713.4+363.9
Treated 55.9+056) 1065(x16) 78(x0.73) 273(x0.40 5.4(x0.08) 773(x2.29 52.6(+1.55) 2243(+58.5) 23.4(x0.30) 4139.1(+365.8)
Mean 55.7 104.9 76 26.3 55 77.1 52.7 2206 23.9 3926.3

' LSD ns ns 2.55 0.85 ns ns ns ns 1.04 ns
Seedling color

Yellow 553(x0.56) 105.0+1.52 75x1.01) 26.1+0.39 5.4(x0.08§ 73.5+2.4 50.1(+1.90 2129+71.4 23.5+0.36 3907.1+357.3
Normal 560(x0.67) 1047(+1.80 74(+1.44 26.4+050) 5.7+0.11) 83.5+3.5 57.1(+2.70 2328(+*R50) 24.6+0.52 4017.4(+401.9
Mean 55.7 104.9 75 26.3 5.6 78.5 53.6 2229 241 3962.3

' LSD ns ns ns ns 0.25 7.42 5.60 ns ns ns

ATKW = thousand kernel weightiKN = kernel number per panicle
' LSD = Least significant differenc@s = not significant.
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Table B.6. The effect of herbicide treatment and seedling phenotype on agronomic parameters and yield components of ALS herbicide
resistant sorghunsprghum bicolofL.) Moench) genotypes evaluated with and without herbicide treatment (Environment 2).

Treatmen Chlorophyll  Adult plant Days to Panicle Panicle Panicle Panicle A g L
Effects content Height flowering length diameter weight yield KN TKW Grain yield
Herbicide

Control 56.3+058) 125.3+1.3) 72(x056) 29.1(+0.17) 6.0(x0.07) 120.6¢1.8) 77.5%1.72) 2956(53.7) 26.5+0.25) 2957.0+162.9
Treated 57.2£058) 122.9+1.3) 73(x056) 29.3(x0.19 6.2(+0.07) 124.4+1.81) 77.6(x172) 2884+53.7) 27.1+0.25 2954.0+162.9
Mean 56.8 124.1 73 29.2 6.1 122.5 77.6 2920 26.8 2955.5

' LSD ns ns ns ns ns ns ns ns 0.82 ns
Seedling Color

Yellow 56.5+0.47) 123.3+1.2) 73(x0.52 29.3+0.20 6.1(x0.09 122.3+2.3) 77.1(x1.79 2959+71.4 26.3+0.27) 30267(x141.3
Normal 57.4+052) 126.q+1.6) 70(x0.73  29.1(#0.29) 6.2(+0.11) 122.9%+3.3) 78.5%2.47) 2842(x25) 27.84+0.37) 2799.3(x199.8)
Mean 56.9 124.6 72 29.2 6.1 122.6 77.8 2901 27.1 2913.0

' LSD ns ns 1.78 ns ns ns ns ns 0.84 ns

AKN = kernel number per paniclTKW = thousand kernel weight;
' LSD = Least significant differenc@s = notsignificant.
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Table B.7. Agronomic characteristics and yield components of ALS herbicide resistant sorghum genotypes evaluated with and without
herbicide treatment (Environment 1).

Plant height ﬂg\?\,}ésri:]o Panicle lengtt Panicle width Panicle weight Panicle yield AN YTKW Grain yield ! Seedling
Genotype 9 color

untrt Trt  Untrt Trt Untrt Trt Untrt Trt Untrt  Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt
MNOQ7-2165 80.7 832 743 690 223 257 50 57 546 776 354 56.3 2277 2286 17.6 245 2548 4059
PR11/12984 108.2 111.7 67.0 66.0 229 288 57 59 721 787 489 56.0 2056 2418 23.9 23.1 4085 4525
MN13-7463 108.2 101.7 68.7 69.7 311 298 64 59 1023 1027 69.0 70.0 3062 3108 22.6 225 3231 3319
MN13-7455 104.2 103.2 70.7 673 330 326 66 6.3 1065 101.6 69.8 66.9 2979 2877 234 23.1 4079 4087
MN13-7439 1182 1182 713 757 313 297 6.1 53 1069 789 738 623 2956 2669 24.9 23.3 3620 4102

PR11/12873 1050 113.2 75.0 850 298 31.0 54 49 952 775 678 522 2488 2009 274 26.2 4212 4055
PR11/121026 113.2 100.7 723 703 288 270 71 6.7 1176 1071 775 817 2694 3019 28.8 27.0 3144 4279

MNO7-1916 100.7 109.2 61.7 657 224 244 54 50 56.2 61.1 391 389 1710 1661 22.8 23.4 4160 4115
MN13-7923 1050 101.7 63.0 69.7 271 267 56 49 779 640 524 444 2262 1932 231 22.8 3248 3669
PR9/1047201 106.7 109.2 76.0 83.7 259 261 53 50 716 585 588 36.8 2649 1617 223 22.7 2987 3775
MN13-7838 104.2 942 59.7 657 227 236 49 47 558 57.2 382 422 1622 1567 23.8 26.8 4039 3945
MN13-7462 105.7 1025 68.3 68.7 269 268 6.8 6.0 106.1 104. 719 73.9 3227 3174 222 23.4 3120 3659
PR11/12850 116.7 1225 76.0 950 239 296 46 41 482 535 386 356 1419 1572 27.0 22.6 2895 3228
MN13-7499 107.5 1142 61.3 647 256 273 6.6 52 1014 836 752 66.5 2854 2542 264 26.0 2599 3330
PR11/12851 99.2 108.2 810 98.7 250 282 53 41 822 459 59.7 26.0 2149 1190 27.7 21.9 4010 3322
MN13-7450 942 90.7 763 720 252 276 63 64 977 96.6 66.3 612 2419 2338 27.2 254 4157 2576

PR12/13762-1 992 108.2 733 720 271 283 6.2 6.2 958 986 611 659 2498 2785 24.3 23.7 4578 3513
MN11-10362 1200 126.7 75.3 850 273 290 52 53 794 824 555 46.8 2213 2825 253 17.8 3740 3568
PR12/13762-2 90.7 1025 76.3 810 224 251 54 47 621 527 435 349 1758 1638 24.7 21.6 4402 2179
MN13-7840 1000 992 633 643 229 262 52 54 611 752 425 574 1843 2518 23.0 22.8 3867 4356
MN13-7500 1175 1142 717 743 282 320 6.2 59 1090 96.5 758 73.0 2017 2739 37.1 26.4 2998 3219
PR12/13761 90.0 932 79.7 853 221 296 49 52 432 719 350 420 1258 1951 214 21.4 3316 2733
PR12/137641 110.7 1125 720 730 259 252 6.3 52 1032 838 69.7 621 2970 2628 235 23.7 4509 4034
PR12/137646 1100 111.7 727 717 250 236 57 50 842 582 617 394 2627 1663 235 23.7 4346 3881
PR12/137644 11425 1117 73.3 84.7 259 252 58 48 804 473 558 36.7 2363 1634 235 224 4106 2612
PR12/137632 91.7 1075 793 96.0 232 260 51 56 59.2 794 40.6 51.3 1835 2549 22.1 19.7 3863 2385
PR12/137633 89.2 982 820 920 228 242 52 47 596 551 424 328 2000 1605 21.1 20.5 2535 4181
PR11/12852 1075 120.7 86.7 953 220 287 40 45 386 57d 293 188 1118 1408 234 16.7 1419 2593

MN13-7458 950 1050 69.3 693 238 274 54 64 601 0924 412 62.7 1497 2151 27.7 29.8 2527 3417
PR12/137631 857 975 853 780 216 325 50 65 532 129. 356 90.5 2038 3564 18.2 254 4036 4383
MNO7-2118 101.7 108.2 67.7 68.0 247 263 53 53 652 664 429 403 1554 1610 27.3 25.1 2927 4009

K<OO<XK<KO<K<K<LKLK<LI<LK<LK<LK<LOO<K<O<X<OOO<O << <

PR12/137634 957 1050 810 853 248 264 53 54 713 659 470 433 1903 2105 259 205 4391 2970
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Plant height ﬂDays.to
Genotype owering

Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt  Untrt Trt Untrt Trt  Untrt Trt

Panicle lengtt Panicle width Panicle weight Panicle yield AN YTKW Grainyield | Seedling
color

PR12/137642 115.7 1125 72.3 70.7 258 27.1 59 6.0 828 83.4 489 613 2216 2710 22.0 22.6 2116 3499 Y
PR12/137643 101.7 1125 740 700 238 252 6.0 54 782 799 488 544 2122 2399 230 22.6 3271 3135 Y
PR12/137635 94.2 1025 80.7 950 226 265 51 52 522 642 37.6 428 1748 2021 215 20.9 2238 2323 Y
MN13-7498 110.7 1057 62.7 67.0 234 252 6.1 6.0 89.8 964 612 69.8 2014 2280 305 30.8 4014 4018 G
Tx430 1025 - 723 - 300 - 59 - 994 - 681 - 1974 - 350 - 3956 - G
Mean 1025 1065 716 76.7 29.3 273 6.4 54 1004 77.3 749 526 2250 2243 33.3 23.4 4150 3529 -
HLSD 118 120 63 69 35 34 11 12 313 343 238 254 23112653 4.6 4.1 688.3 654.6 -

AN = kernel number per panicléf[KW = thousand kernel weight SC= Seedlingcolor Y = Yellow G = Green;
K LSD = Least significant difference; nst significant; Untrt without herbicide treatmenTrt. = Herbicide treated.
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Table B.8. Agronomiccharacteristics and yield components of ALS herbicide resistant sorghum genotypes evaluated with and without
herbicide treatment (Environment 2).

Days to Panicle Panicle AN

Plant height flowering length width Panicle yield Panicle weight TKW Grainyield Seedling
Genotype color
Untrt  Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt untrt Trt Untrt  Trt untrt Trt Untrt Trt
MN13-7450 120.0 119.3 76.7 76.7 28.2 298 7.3 7.3 787 834 129.7 1429 3124 3138 253 259 3401.2 4252.7

PR11/12851 118.3 128.3 68.3 730 31.5 30 50 47 544 445 890 769 1899 1464 28.8 305 2107.4 32705
MN11-10362 1325 1283 757 773 31.8 328 53 56 86.2 828 1263 1295 2795 2809 30.8 29.5 3263.5 3055.6
PR11/12852 120.8 121.8 850 84.3 290 298 48 43 384 36.1 67.6 626 1434 1260 26.4 28.4 43454 4279.2
PR11/121026 130.8 1283 700 710 293 298 6.8 7.3 935 799 1322 1229 3097 3039 30.2 26.1 3017.4 31694
PR11/12873 115.0 1158 763 773 310 322 52 58 665 979 100.2 1411 2140 3081 31.1 31.8 2504.9 3201.1
PR12/13763-3 125.0 1158 740 75.7 30.2 295 6.3 58 941 885 1457 139.2 3890 3563 242 249 2822.4 1566.7

MNO7-1916 120.0 110.0 580 69.7 255 253 52 53 409 372 760 733 1554 1371 26.1 27.1 2821.6 1222.3
PR11/12984 119.3 1133 68.7 733 263 267 57 6.7 613 711 96.1 1131 2403 2788 255 255 2877.2 2071.7
MN13-7840 1125 1043 710 77.7 263 252 6.2 58 643 506 1029 87.7 2465 2026 25.9 25 2118.4 4328.5
PR11/12850 134.3 1343 810 783 283 30.7 6.1 53 880 715 113.8 1064 2900 2281 30.3 31.3 2149.8 4380.7
MNO7-2165 968 975 770 760 257 277 53 54 514 479 820 80.7 2190 2033 234 235 1603.6 3846.6
PR9/1047201 133.3 130.0 747 770 298 30.2 65 6.8 990 94.6 153.2 153.7 4004 3676 24.7 256 2576.3 2993.3
MN13-7455 121.8 1150 69.7 700 31.8 338 6.2 7.7 814 922 1280 1479 3475 3828 234 241 3806.6 1656.9
MN13-7439 130.8 129.3 690 717 285 285 7.1 7.0 1040 87.1 151.3 1359 3936 3220 26.6 27.4 2435.2 2507.6
MNO7-2118 118.3 1208 710 710 28.7 285 59 65 632 708 1120 1131 2529 2596 250 27.6 2916.8 2105

PR12/137634 130.8 1258 750 77.7 30.3 287 6.1 58 925 735 1406 1185 3638 2935 254 249 3364.3 1949.7
PR12/13763-2 135.0 1343 69.7 733 322 305 6.3 6.8 998 104 1506 1544 3776 3955 27.1 26.5 3123.7 36304
PR12/13764-1 139.3 1318 71.7 720 28.8 300 6.4 6.7 777 847 1246 137.2 3079 3283 254 258 27044 3055

MN13-7500 146.8 148.3 723 723 303 293 52 59 783 741 1151 110.8 2467 2330 31.7 315 2450.81548d
PR12/137631 123.3 1218 743 747 297 282 57 58 775 835 1266 1299 3224 3284 240 254 3029.5 12155
MN13-7923 120.0 119.3 750 69.3 30.8 28.7 50 50 6560 599 9131 973 2246 2299 251 26.1 2600.3 2271

PR12/13761 1025 108.3 740 750 300 300 6.5 7.6 885 1020 1385 1557 3600 4076 24.6 250 3518.9 2508.2
PR12/137643 135.8 133.3 727 727 273 30.2 6.7 7.0 745 880 1225 1421 2931 3442 253 255 2648.8 2230.7

PR12/13764-2 136.8 136.8 740 70.7 305 29.7 70 7.1 1000 91.7 156.1 1535 4010 3496 250 26.2 2905.2 2916.1
MN13-7458 135.8 134.3 70.3 680 28.3 300 71 7.8 812 103 120.3 1479 2785 2949 290 351 3818.1 2210.6
PR12/137622 113.3 1043 723 753 288 292 64 68 778 826 1271 137.3 3126 3272 248 253 2926.2 2519
PR12/137635 1258 121.8 82.7 750 287 275 57 58 780 712 1217 116 3338 2945 234 242 3310.5 2640.5
PR12/137621 119.3 1175 733 753 285 285 57 6.2 745 584 1146 107.7 2949 2402 251 243 2503.5 1713.3
MN13-7499 129.3 121.8 66.7 66 308 303 58 6.1 685 858 109.7 130.6 2214 2718 30.7 31.6 2881.2 1723.3
PR12/13764-4 139.3 1425 737 730 290 313 6.3 65 810 990 1300 153.6 3165 3846 256 25.7 2965.3 3195.7
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Days to Panicle Panicle AN

Plant height Panicle yield Panicle weight

YTKW

Grain yield

Genotype flowering length width | Sce;gllring
Untrt Trt Untrt Trt Untrt Trt Untrt Trt Untrt Trt uUntrt Trt untrt Trt untrt Trt uUntrt Trt
MN13-7838 119.3 113.3 580 67.7 253 28.2 56 55 635 634 100.1 1034 2166 2100 29.3 30.2 3041.5 4259.8 Y
MN13-7462 1275 129.3 68.7 68.7 29.7 29.3 73 7.1 1010 76.6 1575 137.1 4170 2973 24.3 25.8 4274.9 1855.2 G
MN13-7498 125.0 125.0 68.3 57.7 25.2 26.3 58 6.5 800 87.7 1147 1304 2431 2679 33.1 32.7 2705.8 20240 G
PR12/137646 1175 113.3 730 743 295 28.7 6.3 7.0 850 805 1357 135.2 3384 3117 25.1 25,5 3215.1 3849.8 Y
MN13-7463 1325 131.8 60.3 700 34.2 33.2 6.1 6.2 919 86.4 1385 137.7 3890 3569 235 24.2 3464.4 2581.6 Y
Tx430 1140 - 730 - 30.6 - 54 - 61.3 - 98.4 - 1698 - 34.6 - 4453.8 - G
Mean 124.8 123.0 72.0 73.0 29.2 294 6.0 6.3 772 77.6 120.0 124.0 2922 2884 26.8 27.1 2991.2 2775.1 -
HLSD 100 120 5.9 50 32 35 1.0 12 298 332 22.4 254 210.2 2021 2.5 4.2 665.3 6075 -

AKN = kernel number per panicléfKW = thousand kernel weight SC= Seedlingcolor Y = Yellow G = Green;
HLSD = Least significant difference; nsnet significant; Untrt= without herbicide treatmenTrt. =Herbicide treated.
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Table B.9. Correlation coefficients between all tested parameters under Experiment Il. Correlations for environment 1 and 2 arev&hown ab
and below diagonal separately.

Environment 1

Chlorophyll  Plant  paysto Panicle  Panicle  Panicle  Panicle A " Grain

content  height Flowering length width weight yield N TKW yield

Chlorophyll content  0.59** 0.08 -0.13* 0.18* 0.11~* 0.12* 0.12¢ 0.08 0.12* 0.05
Plant height 0.10 0.45**  -0.12**  0.51** 0.27** 0.55** 0.51** 0.39**  0.38** 0.40*
Days to Flowering -0.25** 0.001 0.44** 0.01 -0.43** -0.36* -0.39** -0.28**  -0.35* -0.15%
Panicle length 0.17* 0.38* 0.09 0.31** 0.39** 0.61** 0.55* 0.55** 0.12 0.13
Panicle width 0.16* 0.03 -0.11 0.10 0.26** 0.87** 0.81** 0.78* 0.27** 0.14~*
Panicle weight 0.15* 0.18** -0.09 0.40** 0.75** 0.17* 0.95* 0.88* 0.34** 0.19*
Panicle yield 0.16* 0.17* -0.12 0.37** 0.69* 0.95** 0.18** 0.88* 0.44** 0.20**
KN 0.16* 0.13 -0.05 0.37** 0.67** 0.93** 0.92* 0.20** -0.02 0.17*
YTKW 0.05 0.13 -0.17* 0.04 0.08 -0.05 0.11 -0.29*  0.46** 0.09
Grain yield 0.19** -0.03 -0.20** 0.09 0.09 0.25* 0.27** 0.31** 0.05 0.14*

Environment 2

AKN = kernel number per paniclfKW = thousand kernel weight;
* and ** statistically significanatP ¢ 0.05,and0.01, respectively.
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Table B.10. Mean genotype performance for nutritional parameters in tested ALS resistant
parental lines under emenmentl.

Genotype Protein% Fat% Starch% Ash% gg?odr“ng
MNO7-2118 19.1 4.8 71.6 1.55 Yellow
PR11/12851 18.7 4.7 69.9 1.84 Green
PR12/137622 17.7 4.8 72.2 1.80 Yellow
MN13-7838 17.7 4.8 69.6 1.74 Yellow
PR12/137644 17.2 5.0 72.7 1.71 Yellow
PR11/12852 17.1 4.8 71.7 1.53 Yellow
MNO7-1916 16.8 4.7 71.8 1.72 Green
PR11/121026 16.8 5.3 74.6 1.59 Green
MN13-7458 16.8 5.0 75.1 1.55 Green
PR12/137642 16.3 4.8 73.1 1.53 Yellow
PR11/12984 16.2 4.8 72.9 1.72 Yellow
MN11-10362 16.1 4.8 73.6 151 Yellow
MN13-7923 16.1 5.1 73.3 1.74 Green
MN13-7439 16.0 5.0 73.3 1.44 Green
PR11/12850 16.0 5.0 72.0 1.53 Yellow
PR12/13762-1 15.9 4.8 73.3 1.60 Yellow
MN13-7462 15.7 4.9 72.4 1.59 Green
MN13-7498 15.6 5.0 75.7 1.43 Green
PR11/12873 15.3 5.0 72.4 1.41 Yellow
MN13-7499 15.3 4.8 74.5 1.60 Yellow
PR12/137631 15.2 4.8 69.9 1.54 Green
MN13-7840 15.2 5.1 73.2 1.61 Yellow
PR12/137641 15.1 4.9 73.6 1.50 Yellow
PR12/13761 14.9 4.8 73.4 1.56 Yellow
PR12/137635 14.8 4.9 70.2 1.61 Yellow
PR12/13764-3 14.8 4.9 73.3 1.50 Yellow
PR12/13764-6 14.8 5.2 73.5 1.46 Yellow
MN13-7500 14.8 5.1 76.3 1.31 Yellow
MN13-7455 14.7 4.6 72.9 1.41 Yellow
MN13-7450 14.7 4.8 72.0 1.49 Green
PR12/13763-3 14.6 5.0 70.1 1.53 Yellow
MNO7-2165 14.4 4.8 74.5 1.37 Yellow
MN13-7463 14.3 4.9 73.9 1.46 Yellow
PR12/13763-4 14.1 4.8 70.7 1.55 Yellow
PR12/13763-2 14.0 5.0 70.9 1.50 Green
PR9/1047201 14.0 5.0 73.8 1.42 Yellow
Tx430 14.7 1.5 4.7 71.7 Green
Mean 15.7 4.9 72.7 1.6 -
LSD 1.27 0.32 1.36 0.1 -

A_SD = Least significant difference.
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Table B.11. Mean genotype performance for nutritional parameters in tested ALS resistant
parental lines under environment 2.

Genotype Protein%  Fat% Starch% Ash% Seedling color
PR11/12851 154 5.1 73.2 1.57 Green
MN13-7838 14.6 4.8 71.1 1.63 Yellow
MNO7-1916 14.4 4.9 73.1 1.60 Green
PR11/12852 14.4 5.2 71.7 1.68 Yellow
MNO7-2118 14.3 5.1 74.6 1.48 Yellow
MN11-10362 13.3 5.3 74.8 1.36 Yellow
MN13-7923 13.1 5.1 74.6 1.50 Green
MN13-7499 12.8 5.0 74.5 1.40 Yellow
PR11/12873 12.7 4.9 74.0 1.42 Yellow
PR11/121026 12.7 5.2 75.6 1.47 Green
PR11/12850 12.7 5.2 73.5 1.52 Yellow
MN13-7458 12.7 5.3 78.5 1.21 Green
PR12/13764-2 12.6 5.2 75.4 1.51 Yellow
MN13-7500 12.4 5.2 75.8 1.36 Yellow
MN13-7439 12.4 5.1 74.4 1.46 Green
PR12/13763-3 12.1 5.0 73.2 1.44 Yellow
PR12/137631 12.0 5.0 73.3 1.40 Green
PR11/12984 12.0 4.8 74.8 1.52 Yellow
MN13-7450 12.0 5.2 75.5 1.46 Green
MN13-7840 12.0 4.9 74.5 1.66 Yellow
PR12/13762-2 11.9 5.2 76.0 1.55 Yellow
MN13-7462 11.9 5.1 75.7 1.46 Green
PR12/13764-6 11.8 5.2 75.8 1.40 Yellow
MN13-7498 11.8 5.3 77.2 1.33 Green
PR12/13762-1 11.8 5.2 76.3 1.57 Yellow
PR12/137634 11.7 5.0 72.9 1.40 Yellow
PR12/13763-2 11.7 5.0 74.1 1.42 Green
PR12/137641 11.6 5.2 75.7 1.42 Yellow
PR12/137643 115 5.2 76.0 1.44 Yellow
MNO7-2165 11.3 5.3 77.4 1.34 Yellow
PR12/137635 11.2 5.0 73.2 1.41 Yellow
PR12/137644 11.2 5.3 76.8 1.37 Yellow
MN13-7455 111 5.0 75.1 1.29 Yellow
PR9/1047201 10.9 5.2 76.1 1.41 Yellow
PR12/13761 10.8 5.2 76.7 1.37 Yellow
MN13-7463 10.7 4.9 75.4 1.36 Yellow
Tx430 13.1 5.1 74.2 1.62 Green
Mean 12.3 5.1 74.9 1.5 -

A SD 1.18 0.23 1.36 0.16 -

A SD = Least significant difference.
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Table C.1. Mean performance of all hybrid groups for parameters evaluated at adult plant stagexpedenent set |. Results for

each environment is presented separately.

Parameter

TEnv

Hybrid Group

ALS xALS ALS x Regular x ACCase x  ACCase x Regular x Regular x Checks Mean # gp
Regular ALS ACCase Regular ACCase Regular
Seedling E1l 30.3+06)  38.3+05) 37.5+0.5) - - - - 457+1.3 379 3.6
chlorophyll E2 36.8(x10) 38.5+0.9) 39.9+0.9) - - - - 36.9+x1.9) 38.0 3.0
contnet E3  44.9%07) 45.9+0.6) 46.0(+0.6) - - - - 46.6(x15) 459 3.4
Seedinig E1 17.9+06)  18.6+0.6) 19.1(0.6) - - - - 17.3+06) 182 ns
height E2 12.3+06)  12.5+05) 12.2+0.5) - - - - 11.6+0.8) 122 ns
E3 14.5+06)  14.9+0.6) 15.4+0.6) - - - - 16.5+06) 153 ns
Adultplant E1 57.8(x0.9) 59.2(+0.8)  57.1(x0.8) 60.2(x0.8) 59.7(+0.8) 61.8(x0.8) 58.2(x0.8) 59.0(+2.1) 59.2 ns
chlorophyll  E2 59.7(x0.9) 61.2(+0.8)  62.6(x0.8) 60.7(+0.9) 59.8(+x0.8) 60.5(x0.8) 61.6(x0.8) 59.7(+1.5) 60.7 ns
contnet E3 52.6(x0.8) 52.5(x0.7)  52.7(x0.7) 49.9(+0.8) 52.8(x0.7) 52.6(x0.7) 51.6(x0.7) 49.8(+*1.5) 51.8 ns
. El 0.73(x0.005) 0.74(x0.005) 0.75(x0.005) 0.79(+0.005) 0.79(x0.005) 0.78(+0.005) 0.77(x0.005) 0.78(x0.01) 0.76 0.01
:EC/'-FE]')UO- E2  0.79(0.03) 0.77(:0.01) 0.77(x0.01) 0.79(x0.03) 0.77(x0.01) 0.77(x0.01) 0.75(x0.03) 0.76(x0.05) 0.77 0.01
E3 0.73(x0.005) 0.69(x0.005) 0.73(x0.005) 0.75(+0.005) 0.74(x0.005) 0.74(+0.005) 0.74(x0.005) 0.74(x0.01) 0.73 0.01
Adult plant E1l 110.3(+1.4) 117.3(*1.3) 114.0(x1.3) 115.3(*1.4) 109.3(+1.3) 113.5(+x1.3) 111.3(x1.3) 105.5(x1.8) 112.1 5.8
height E2 134.0(+1.1) 139.5(+1.0) 144.0(x1.0) 139.3(x1.1) 143.3(+1.0) 136.5(+x1.0) 126.3(x1.0) 120.0(+2.2) 1354 7.2
E3 121.3(+2.0) 124.8(+1.8) 123.5(x1.8) 131.8(x2.0) 126.0(+1.8) 124.8(+1.8) 120.5(+x1.8) 118.8(+1.6) 1239 5.8
Days to E1l 64(+1.2) 63(+1.2) 62(+1.2) 61(x1.2) 65(+1.2) 61(x1.2) 68(+1.2) 72(+3.0) 645 3.9
floewring E2 69(+0.8) 67(+0.8) 67(+0.8) 68(+0.8) 66(+0.7) 68(+0.8) 72(+0.8) 75(+2.2) 69.0 2.8
E3 68(+0.6) 63(+0.5) 63(+0.5) 64(+0.6) 64(+0.5) 64(+0.5) 65(+0.5) 68(+1.6) 64.8 2.3
Panicle El 30.1(x0.5)  30.0(0.4) 28.2(x0.4) 27.5(x0.5) 28.3(+x0.4) 28.9(x0.4) 28.3(x0.4) 26.5(+x1.3) 284 1.7
length E2 34.5(x0.6) 35.1(x0.6 33.9(x0.6) 32.4(x0.6) 32.6(x0.6) 32.2(+0.6) 32.5(+x0.6) 33.5(x1.8) 333 24
E3 32.7(x0.5)  32.9(+0.5) 31.9(x0.5) 30.9(+0.5) 32.6(x0.5) 32.9(+0.5) 31.8(x0.5) 31.0(x1.5) 32.1 2.0
Panicle El 5.9(+0.1) 6.1(+0.1) 6.0(+0.1) 6.1(x0.1) 5.8(+0.1) 6.5(x0.1) 5.8(0.1) 5.9(0.4) 6.0 0.5
width E2 6.7(x0.2) 7.0(x0.2) 6.2(+0.2) 6.4(0.2) 6.9(+0.2) 6.5(0.2) 6.0(x0.2) 6.3(0.5) 6.5 0.7
E3 6.2(0.2) 6.3(+0.2) 6.9(0.2) 6.2(0.2) 6.7(+0.2) 7.5(0.2) 7.4(20.2) 7.4(20.5) 6.8 0.7
Banicle El 108.7(+6.3) 118.0(+5.8) 107.7(+5.8) 102.6(+6.0) 104(+5.8)  113.9(+5.8) 98.4(+5.8) 1067(+9.1) 107.5 18.0
weight E2 144.3(+6.4) 136.6(+5.9) 107.8(+5.9) 119.8(+6.4) 117.6(+5.8) 108.6(x6.0) 111.2(+5.8) 1085(+8.6) 119.3 21.7
E3 117.1(+5.6) 111.8(+5.2) 118.6(+5.2) 112.1(+5.7) 121.8(+5.2) 132.2(+5.2) 111.3(+5.2) 119.5(+8.8) 118.1 19.4
Panicle E1 79.5(x4.7) 87.6(x4.3)  77.5(+4.3) 71.9(x4.4) 78.3(x4.3) 81.2(+4.3) 68.7(x+4.3) 74.3(x6.7) 77.4 137
yield E2 93.4(+5.0) 86.1(+4.6)  63.0(x4.6) 75.9(+x5.1) 67.0(+4.6) 65.4(+4.8) 66.1(+4.6) 55.9(x9.1) 71.6 170
E3 68.9(+3.9) 63.0(+3.6)  71.6(+3.6) 60.7(+3.6) 67.8(+3.6) 74.3(+3.6) 65.8(+3.6) 69.9(+9.2) 67.7 12.6

172

ct



Parameter

TEnv

Hybrid Group

ALS xALS

ALS x

Regular x

ACCase x

ACCase x

Regular x

Regular x

Regular ALS ACCase Regular ACCase Regular Checks Mean “LSD
El 2852(+150) 3083(x134) 3023(x134) 2700(x139) 3114(+x134) 3107(x134) 2560(x134) 2483(+221) 2865 464
YKN E2 3281(+157) 3216(x146) 2590(+146) 2880(x158) 2714(+x144) 2640(x151) 2555(x145) 2242(+x205) 2764 541
E3 2704(x144) 2442(+133) 2849(+x133) 2527(x146) 2802(+x133) 2933(x133) 2567(+133) 2528(+240) 2669 491
STKW El 27.8(x0.6)  28.5(x0.5) 25.6(x0.5) 26.6(x0.5) 24.9(x0.5) 26(+0.5) 26.9(#0.5) 29.7(x1.4) 27.0 1.9
E2 28.3(x0.6)  26.5(x0.5) 24.0(£0.5) 26.1(x0.6) 24.6(x0.5) 24.3(#0.5) 25.6(x0.5) 24.6+1.6) 255 21
E3 25.4(x0.3)  25.7(x0.3) 25.2(x0.3) 24.1(x0.3) 24.2(x0.3) 25.4(x0.3) 25.7(x0.3) 27.6(x1.0) 254 14
El 6614+508) 6233+480) 564Q0+480) 521Q+508) 5317+480 57791480 3964+480) 488Q0+706 5454 676
Grainyield E2 4807+485) 4723+460) 4263+460) 5769+484) 5714+460) A4756+460) 331(+460) 3453+818) 4599 636
E3 3575+408) 3826+383) 2956+383) 3911(+408) 4367+383) 3553+383) 4713+383) 5113+674) 4001 622

AChl. Fluo. =chlorophyll fluorescence’KN = kernel number per panicl&,KW = thousand kernel wel;

YEnv = Environment E1 =Environment 1E2 = Environment2, E3 = Environment3 ;

"LSD = Least Significant difference
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Table C.2. Mean performance of all hybrid groups for all parameters evaluated under Experiment set Il. Results for each environment

is presentedeparately.

Hybrid Group

Parameter SEnv  ALS x ACCase x ALS x ACCase x ACCase x Regular x Checks Mean T.SD
ACCase ALS Regular ACCase Regular ACCase
Adult El 141.1(x0.6) 144.6(x1.6) 143.9(x0.6) 136.7(x1.3) 140.4(x0.9) 141.5(x1.1) 129.2(x1.6) 1395 5.9
plant E2 163.0(x1.3) 168.3(x2.9) 160.4(x1.3) 163.3(x2.4) 158.4(x1.7) 169.7(x2.0) 170.0(x2.9) 1645 6.5
height E3 140.6(x1.0) 142.1(x3.1) 140.3(x0.9) 139.2(x2.5) 138.0(x1.5) 142.8(x1.9) 128.8(%3.1) 138.8 4.6
Days to El 63(x0.9) 66(x1.8) 64(x0.9) 64(x1.5) 65(x1.1) 65(x1.3) 66.5(x2.4) 64.7 2.9
flowering E2 60(x0.4) 58(%1.3) 60(x0.4) 59(x1.1) 56(x0.6) 58(+0.8) 62.5(x1.9) 59.1 3.7
E3 69(x0.4) 72(x1.1) 68(x0.4) 66(x0.9) 69(x0.6 70(x0.7) 69(x1.6) 69.0 24
Panicle El 34.6(x0.3) 37.5(x1.1) 35.4(%0.3) 34.5(x0.9) 35.3(x0.5) 36.8(x0.7) 31.5 (£1.5) 351 37
length E2 32.6(x0.4) 32.2(x1.2) 33.2(x0.4) 31.6(x0.1) 31.9(+0.6) 33.3(x0.7) 30.4(x1.7) 322 35
E3 33.3(x0.4) 33.4(x0.4) 34.7(x0.4) 33.4(x1.1) 35.2(x0.6) 34.9(x0.8) 28.5(x1.8) 333 26
Panicle El 7.1(x0.1) 6.8(x0.3) 7.0(x0.1) 6.8(x0.2) 6.1(x0.1) 7.3(x0.2) 7.5(x0.4) 6.9 0.7
width E2 6.2(x0.1) 5.9(x0.4) 6.1(x0.1) 5.9(x0.3) 6.7(x0.2) 6.6(x0.2) 6.7(x0.5) 6.3 0.8
E3 6.4(x0.6) 6.7(x1.8) 7.5(x0.6) 6.5(x1.5) 6.6(x0.9) 6.6(x1.2) 6.4(x0.5) 6.6 0.8
Panicle El 173.7(x3.1) 176.5(x10.3) 176.7(%x3.1) 1729 (#8.4) 169.8(#5.1) 186.3(x6.5) 172.4(x14.1) 1755 165
weigth E2 101.8(¢11.3) 117.1(¢27.9) 106.0(x11.2) 109.4(x23.2) 100.7(x15.7) 100.1(x18.6) 108.6(+38.8) 106.3 11.3
E3 124.1(x3.7) 120.2(x10.1) 126.3(%3.7) 120.7(x8.4) 123.1(x5.4) 131.6(x6.6) 125.7(x14.2) 1245 16.9
Panicle El 116.0(x6.6) 117.1(x21.2) 116.4(%6.5) 110.1(¢17.3) 139.7(x10.6) 123.5(x13.5) 133.3(x30.1) 122.3 125
yield E2 62.5(x4.7) 70.2(x7.5) 64.3(+4.6) 65.6(+6.6) 59.7(¢5.3) 60.3(5.8) 59.5(+9.8) 63.2 104
E3 78.9 (£3.1) 76.3(x7.6) 79.1(£3.1) 73.7(x6.3) 73.8(x4.2) 83.0(x5.1) 84.2(x10.6) 78.4 15.7
AKN El 4109(+x103)  4106(x262)  4045(x102)  3831(x217) 3684(x143)  4426(x173)  3625(£365) 3975 441
E2 2527(x149) 2749 (x259) 2567(x148)  2734(x225) 2354(x172) 2446(+193) 2372(x342) 2535 436
E3 3372(x162)  3033(x525)  3132(x162)  2937(x428) 2830(x262) 3356 (x332) 3030(x345) 3098 482
YTKW El 28.3(x2.8) 28.6(+8.7) 28.8(x2.7) 28.6(x7.1) 36.3(x0.5) 28.6 (£5.5) 32.2(x2.4) 30.2 3.2
E2 24.6(+0.4) 25.6(x1.1) 25.0(x0.4) 23.9(x0.8) 24.9(+0.6) 24.4(+0.7) 24.9(+1.4) 248 29
E3 24.9(x0.2) 25.2(x0.8) 25.2(x0.2) 25.0(x0.7) 26.0(x0.4) 24.7(x0.5) 27.7(x1.2) 255 1.7
Grain El 5907(x155)  5935(+473) 6464(x155) 6265(+388) 6777(x241)  5777(x302) 6929(x473) 6293 670
yield E2 3433(x200)  3243(x522)  3696(x200)  3747(x432) 3317(x283)  4239(x344) 5451(#522) 3875 644
E3 7204(x384)  6536(+481) 7326(+382)  8032(+413) 7964(x434) 7634(+448)  8372(x487) 7581 608

AN = kernel number per panickTKW = thousand kernel weld; 3Env = Environment, E1 =ri&vironment 1E2 = Environment 2,
E3 = Environment 3'LSD = Least Significant difference.
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Table C.3. Mean performancef all measured parameters for hybrid groups evaluated under Experiment set Ill. Results each
environment is presented separately.

Hybrid Group

Parameter SEnv ALS x ALS x ACCasex ACCasex ACCasex Regular x Regular x
ACCase Regular ACCase ALS Regular gALS A%Case Check Mean 1LSD
AIdUItt E1l 129.8(x0.9) 130.5(x2.4) 128.7(¢3.6) 122.2(x2.3) 124.8(x1.9) 120.8(x2.9) 127.5(x2.1) 120.0(¢3.6) 125.5 7.7
Egght E2 140.1(x1.2) 147.8(x3.4) 142.5(%4.5) 139.5(x2.8) 144.8(x2.4) 150.0(x3.7) 140.4(x2.6) 130.6(¢4.5) 141.9 8.3
Days to El 59(+0.4) 62(x1.1) 60(z1.5) 63(+1.0) 61(0.8) 66(x1.2) 64(x0.9) 63(x2.2) 62.3 2.7
flowering E2 61(x0.5) 62(+0.9) 59(+1.3) 61(+0.9) 60(+0.8) 66 (£1.1) 67 (£0.8) 65(+1.9) 62.6 2.3
Panicle E1l 33.9(20.3) 34.8(x0.9) 33.3(x1.2) 32.7(x0.8) 33.4(x0.6) 34.5(x1.0 34.0(x0.7) 33.1(x1.7) 33.7 2.5
length E2 33.4(¢x0.8) 33.1(¢1.1) 37.3(x1.6) 34.6(x1.2) 33.2(x1.1) 31.0(x1.4) 32.4(x1.1) 30.3(x2.2) 33.2 3.1
Panicle E1l 7.0(20.1) 6.8(x0.2) 6.6(x0.3) 6.6(x0.2) 6.6(x0.2) 6.9(x0.3) 7.1(x0.2) 6.6(x0.5) 6.7 0.6
width E2 6.1(x0.1) 5.9(x0.2) 7.2(x0.4) 6.3(x0.2) 6.0(x0.2) 6.3(x0.3) 6.3(x0.2) 6.6(+0.6) 6.3 0.8
Panicle E1 167.0(x3.4) 182.8(x9.6) 154.8(x12.7) 157.4(x8.0) 154.3(x6.8) 166.1(+10.4) 185.5(x7.3) 157.5(x18.0) 165.7 28.4
weight E2 122.2(x4.1) 119.6(x8.1) 151.9(x12.0) 119.0(x7.9) 116.5(x6.8) 107.0(%9.9) 147.3(x7.2) 135.1(+16.8) 127.3 25.1
Panicle E1 113.4(x2.6) 123.9(x7.4) 100.1(%9.8) 107.8(x6.2) 101.4(¢5.2) 115.7(¢8.0) 136.2(#5.6) 106.3(x13.8) 113.1 11.9
yield E2 76.5(x3.4) 78.4(x5.6) 97.5(¢8.2) 73.4(x5.6) 70.5(x4.9) 67.0(+6.8) 95.3(¢5.0) 89.3(x11.2) 80.9 13.7
AN E1l 4034(+83) 3860(+233) 3428(+398) 3848(+195) 3363(+164) 4000(£251) 4528 (+178) 3508 (+436) 3821 314
E2 3127(£95) 2863(x197) 3724(x293) 2954(+190) 2718(x163) 2763(x241) 3704 (x173) 3346(x410) 3149 354
ITKW E1l 28.1(x0.3) 32.6(x1.0) 29.0(¢1.3) 28.3(x0.8) 30.1(x0.7) 28.9(x1.1) 30.1(x0.7) 30.6(x1.9) 29.7 1.9
E2 24.3(x0.4) 27.7(x0.6) 26.0(x0.9) 24.7(x0.6) 25.7(x0.5) 24.2(x0.7) 25.6(x0.5) 26.5(x1.2) 255 1.2
Grain E1 5560(x241) 6185(x465) 6577(+594) 5098(+402) 6757(x354) 4982(+496) 5974(x375) 5844(+594) 5872 793
yield E2 3634(x235) 4370(x387) 3226 (x540) 4064(x372) 4740(x330) 3339(x454) 3411(x348) 4913(£540) 3962 752

AN = kernel number per panicld, KW = thousand kernel welg; SEnv = Environment, E1 = Eironment 1, E2 = Environment 2;
ILSD = Least significant difference
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Table C.4. Pearson correlation coefficients between evaluated yield components for all hybrids testéckpedieent set |1 and 111

Parameter Days to Adult plant Panicle Panicle Panicle Panicle KN YTKW  Grain yield

flowering height length width weight yield

Experimentsetll

Days to -0.690*  -0.046 0.105 0.045 0.004 -0.081 0.0261  -0.417*
flowering
ﬁgi‘;'rt]tp'a”t -0.312%* 0.119* 0.077 0.047 0.039 0.052 -0.052  0.220%
IF; f‘}g‘tﬂe -0.168*  0.357** 0.119*  0.310*  0.270*  0.404*  -0.0182 0.164*
\fm'ﬁ'e -0.172*  0.250**  0.315** 0.153**  0.137 0.146%  0.022 0.102*
Panicle -0.215%  0.513*  0.419%*  0.744* 0.44F*  0.483*  0.083 0.170%
weight
;2?5‘3'6 .0.232%*  0.544*  0.371*  0.728**  0.977* 0.485%  0.804*  0.242*
AKN -0.165*  0.462**  0.422**  0.707*  0.909**  0.908* 20.006  0.428*
STKW -0.261%*  0.427**  0.12481  0.394*  0.605*  0.651%*  0.287* 0.086*
Grain yield -0.487**  0.535*  0.134* 0.345**  0.528*  0576%  0.419*  0.590%

Experimentsetlll

AN = kernel number per panicl&lKW = thousand kernel welg; * and** statisticallysignificant at pt 0.06 and 0.01, respectively.
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Table C.5. ANOVA for nutritional and physical grain qualigttributes measured on tested sorgh8oerghum bicolofL.) Moench)
hybrids under all three experiments.

ANutritional traits

Source of YPhysical traits
variation df  Protein Fat Starch  Ash N P K Ca Mg Fe Zn Cu  Mn KH KD
Experiment |

Block 2 001 0.09 0.4 0.006 0.002 8.2E6 7.7E4 5.0E6 12E6 9.6 5.1 0.06 1.0E5 88.6 1.4E3
Hybrid group 3 13.8%* 0.62** 4.6* 0.05** 0.3** 0.09** 0.01* 5.5E5%  0.002** 211.6** 87.9* 3.9* 145% 373.1** 39E2*
Error 6 1.34 0.09 0.9 0.007 0.017 7.764 6.8E4 7.3E6 1764 122 10.8 0.31 0.3 28.3 8.2E3
Experiment Il

Environment (E) 2 71.4* 45 83.3* 0.5* - - - - - - - - - - -
Block/E 6 6.0 0.07 6.3 0.03 - - - - - - - - - - -
Hybrid group 6 1.0 0.13* 1.6 0.008 - - - - - - - - - - -

HG x E 12 1.4 0.05 1.0 0.01 - - - - - - - - - - -

Error 36 1.3 0.04 1.6 0.01 - - - - - - - - - - -
Experiment Ill - - - - - - - - - - -
Environment (E) 1 323.3* 0.1 170.6** 0.06 - - - - - - - - - - -
Block/E 4 18 0.3 0.9 0.01 - - - - - - - - - - -
Hybrid group 7 10 0.1*  6.8** 0.04* - - - - - - - - - - -

HG x E 7 06 0.2 0.7 0.006 - - - - - - - - - - -

Error 28 0.5 0.1 0.8 0.007 - - - - - - - - - - -

ANitrogen (N), Phosphorus (P), Potassium @3Jcium Ca), Magnesiumg), Iron (Fe), Zinc Zn), Copper Cu), ManganeseMn);
YKernel hardness (KH), Kernel diameter (KB)and** statisticallysignificant at pt 0.06 and 0.01respectively.
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Table C.6. Pearson correlation coefficients between the tested nutritional attributes for herbicide
resistant hybrids tested underderiment set Il and IlI.

Parameter Protein% Fat% Ash% Starch%
Experiment Il
Protein% -0.28** 0.35** -0.64**
Fat% -0.26** -0.48** 0.43**
Ash% 0.37* -0.28** -0.38**
Starch% -0.77** 0.49** -0.39**
Experiment Il

* and** statisticallysignificant at pt 0.06 and 0.01, respectively.
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