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EXECUTIVE SUMMARY

Introduction

The legislation (KRS 248.510 - 248.580) which provides funds in support of the
research programs at the Kentucky Tobacco Research and Development Center
(KTRDC) requires that a quarterly research report be submitted to the Kentucky
Tobacco Research Board (KTRB) and the Legislative Research Commission.

The overall reporting plan is:

January1l - March 31: Selected topics
April 1 - June 30: Selected topics
July 1 - September 30: Selected topics
October1 - December 31: Annual comprehensive report

As required by KRS 248.570, a financial report covering expenditures for the
relevant proportion of the April 1, 2021 — June 30, 2021 fiscal year is included in
this report.

The news and research publications provided in this quarterly report are a
representative selection of the Center’s output. For a full description of all KTRDC
research and activities please refer to the KTRDC Annual Report.

Quarterly News

e Abstracts for both the CORESTA and TSRC conferences were submitted in May.
A number of papers from KTRDC have been accepted. The University of
Kentucky has the third highest number of papers submitted for the CORESTA
conference in October.

e Normal operations at UK stopped in mid-March 2020, due to the pandemic.
KTRDC staff continued to work through the pandemic, with strict precautions in
place, as there were ongoing grants and many experiments which could not be
halted. Those who could work from home did so, so that the number of people
in the building was greatly reduced. Social distancing was observed, face masks
were mandatory and lab staff were carefully spread out, rotating their hours
and locations. In mid-June 2021, KTRDC staff members who were working
remotely returned to the office, and normal operations resumed. Almost all
KTRDC staff are now fully vaccinated against COVID-19.



e This quarter has been a busy time at the farm.

Activity in April was limited to the care of seedlings in the greenhouse.

May’s activities mainly involved transferring seedlings into float trays in a
predetermined sequence corresponding to the randomized order of
treatments in the field, and transplanting. The first transplanting was done
in the third week of May, and transplanting continued into June.
Transplanting was considerably hampered by rain, and several experiments
were set out later than planned as a result.

The Artemisia annua trials were transplanted in the second week in May.

Early sampling for burley, dark and cigar LC Foundation seed screening was
done in June.

Efforts to regenerate the KTRDC Nicotiana species collection in the
greenhouse began in June.

e The June board meeting was held via Zoom, because of the pandemic. The
KTRDC Director, Ling Yuan, gave an update on the KTRDC activities and budget.

The total budget for 2021-2022 was in line with the fiscal year 2020-
2021 budget. Actual income for 2021 was lower than projected.

Industry funding for research has been decreasing for several years and is
not expected to be a significant source of revenue in coming years.

Dr. Yuan requested $110,000 in new funding for Summit grants for the
coming fiscal year.

e The proficiency testing (PT) program continues to be well patronized.

The CIG-2021A round opened in January 2021 and closed in May. The
interim report was issued in May and three labs requested the ability to
submit revised data. The revised data was analyzed, and the final report was
ready for review in June.

The CIG-2021B round opened in March 2021 and closed in July. The interim
report is anticipated to be ready for review in early August and the final
report will be ready for review in late August.

The CIG-2021C round opened in June 2021 and is scheduled to close in
September 2021.

e Several new items have been added to the CTRP reference product collection.

CTRP introduced four reference cigars for research purposes in October 2019
to facilitate research and method development for cigars. These products



were used in the CORESTA Cigar Smoke Analysis 14" Collaborative Study,
which was published in April 2021.

CTRP introduced a new ultra-low deliverable cigarette, the 2R5F, in
November 2020. 2R5F filler was processed and ground for production of a
new reference ground tobacco, RT 11, which was made available for sale in
June 2021.

Preparation and planning are underway for the workshop hosted by CTRP on
August 29'™, prior to the start of the 74" Tobacco Science Research Conference.
At this workshop, we will discuss our proficiency testing program, certified
reference products and the production of new reference materials to meet the
needs of the tobacco research community.

To date, the University of Kentucky, Center for Tobacco Reference Products
(CTRP) has been awarded three FDA (Food & Drug Administration) grants to
produce and distribute reference products, the first of which is now complete.

The second grant, to produce four smokeless reference products, should be
completed by the end of 2021. The four products have been produced and
certified, are being sold to research institutions around the world and are
included in the proficiency testing program at CTRP. Our scientists are
working to finalize several research projects on these products and
presentations and publications are being produced. The CTRP is currently
drafting the mid-year report for submission to the FDA in August.

The third grant for production of reference cigars has focused on the analysis
of commercially available products in three categories: (1) filtered little
cigars, (2) cigarillos, and (3) large, non-premium cigars. All of these products
will be machine-made with an HTL (homogenized tobacco leaf) wrapper. The
main achievements for this reporting period focus on the analysis of
commercial cigar products, preparation of preliminary design specifications
for these reference products, and discussions with four cigar manufacturers
for the production of the three reference cigar products. We continue to
work with the FDA and cigar manufacturers to finalize the designs of the
products and anticipate manufacturing to begin on one or more products in
the quarter October-December 2021.

e The CTRP continues to look for new grant opportunities to expand our
capabilities and meet the evolving needs of the tobacco research community.
In May 2021, the CTRP submitted a proposal to RFA-FD-22-002 Data Standards



for Tobacco Research and Scientific Review. The first aim of the grant is to
engage key stakeholders in the identification of significant issues impacting the
standardization and accurate reporting of scientific data for cigar products. The
second aim is to develop and promote data standards and consistent
terminology for collecting and reporting scientific data for cigar products and to
unify the currently available standards and the newly developed standards, and
to make the standards for data, terminology, and analytical methods available
to the public. The FDA plans to award this grant in November 2021.

The KTRDC Quarterly Reports include copies and brief summaries of research done
by KTRDC scientists. | would like to thank Dr. Sanjay Singh, Dr. Sitakanta Pattanaik
and Dr. Colin Fisher for their help with writing the summaries.

Summary of Selected Research Topics

Report #1  “Maleic hydrazide elicits global transcriptomic changes in chemically
topped tobacco to influence shoot bud development.” Sanjay Singh, Mitchell
Richmond, Bob Pearce, Andy Bailey, Xin Hou, Sitakanta Pattanaik and Ling Yuan

This paper describes the effects of a systemic suckercide, maleic hydrazide (MH), on
tobacco gene expression. This research is important because although MH has been
used as a systemic suckercide for more than 50 years, the effect of MH on tobacco
gene expression has not been studied. The major finding was that MH affects a
wide range of biological processes in tobacco to inhibit sucker development. This
finding is of interest because we identified several MH-responsive genes that can
potentially be used to develop a chemical-free sucker control system by altering the
expression of these genes.

Topping (removal of apical buds) and control of suckers (axillary shoots) are
common agronomic practices that significantly impact the yield and quality of
tobacco. Application of suckercides to tobacco plants following topping is an
effective way to control sucker growth. However, our current knowledge of the
influence of suckercide applications on gene expression and the underlying
molecular mechanism of sucker control is limited. Maleic hydrazide (MH) is a
commonly used suckercide that is absorbed by the leaves and translocated to the
leaf axils, where it inhibits sucker growth. In this study, we analyzed the differential
gene expression in apical and axillary buds of tobacco treated with or without MH.
Our results showed that MH treatment significantly influences the expression of



genes related to the vegetative-reproductive phase transition, meristem
maintenance, DNA metabolism, and defense response. Our results provide insights
into the global changes in plant gene expression in response to suckercide
treatment. Suckercide application is expensive and potentially generates
undesirable or harmful chemical residues and pollutes soil and water. We identified
several MH-responsive genes that can potentially be used to develop a chemical-
free sucker control system by altering the expression of these genes.

Report #2  “Rumen and serum metabolomes in response to endophyte-infected
tall fescue seed and isoflavone supplementation in beef steers.” Taylor Ault-Seay,
Emily Melchior-Tiffany, Brooke Clemmons, Juan Cordero, Gary Bates, James Klotz,
Huihua Ji, Jack Goodman, Kyle McLean and Phillip Myer

This research investigated why a mixture of tall fescue and clover reduced the
effects of toxicosis in cattle. This is important because the ergot alkaloids present
in fungal endophyte-infected fescue reduces the weight gain and productivity of
cattle. The major finding was that isoflavone, a compound produced by clover,
counteracts the toxic effects of the ergot alkaloids produced by the fescue fungal
endophyte. It was shown that the isoflavone produced by clover reduces, or even
eliminates, many of the detrimental effects on cattle caused by the ergot alkaloid
produced by the fescue endophyte.

The growth and drought tolerance of tall fescue is improved when it is infected with
a fungal endophyte that also unfortunately produces an ergot alkaloid, which
affects cattle in several ways. It reduces the animal’s muscle development and its
ability to gain weight, and it causes the animal’s blood vessels to constrict so that
the body temperature increases and reduces the reproductive fertility. Research
has shown that one way to reduce the effect of the ergot alkaloid causing this
toxicosis is for cattle to graze in pastures with a mixture of tall fescue and clover.
This reduction of the toxic effect of the ergot alkaloid is thought to be the result of
isoflavone compounds that are produced by the clover. This paper describes how
this theory was tested and investigates how isoflavone affects the animal’s
metabolism.

Four groups of steers were each fed a different combination of tall fescue, with or
without the infection of the fungal endophyte, and each of these two diets was fed
with or without a medicinal grade isoflavone for three weeks. The concentration of



a wide range of compounds required for normal development of the animals, which
are normally found in the rumen and blood, were analyzed. The results showed a
complex interaction between the two fescue and two isoflavone treatments on a
diverse array of blood and rumen constituents that are required to build muscle
protein and regulate some hormones. This in turn was probably caused by the
effect of the ergot alkaloid on the number and variety of the bacteria that do the
digesting in the animal’s rumen, and by isoflavone reducing the blood vessel-
constricting effect of the ergot, especially around the intestines. This would result
in increased blood flow to absorb nutrients. This group of scientists is now planning
experiments to find the optimum dose of isoflavone.



Planta (2020) 252:64
https://doi.org/10.1007/500425-020-03460-9

ORIGINAL ARTICLE q

Check for
updates

Maleic hydrazide elicits global transcriptomic changes in chemically
topped tobacco to influence shoot bud development

Sanjay K. Singh?® . Mitchell D. Richmond'* . Robert C. Pearce' - William A. Bailey’ - Xin Hou?3 .
Sitakanta Pattanaik®® - Ling Yuan'2

Received: 24 June 2020 / Accepted: 12 September 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Main conclusion Transcriptomic analysis revealed maleic hydrazide suppresses apical and axillary bud development
by altering the expression of genes related to meristem development, cell division, DNA replication, DNA damage and
recombination, and phytohormone signaling.

Abstract Topping (removal of apical buds) is a common agricultural practice for some crop plants including cotton, cannabis,
and tobacco. Maleic hydrazide (MH) is a systemic suckercide, a chemical that inhibits shoot bud growth, used to control the
growth of apical (ApB) and axillary buds (AxB) following topping. However, the influence of MH on gene expression and the
underlying molecular mechanism of controlling meristem development are not well studied. Our RNA sequencing analysis
showed that MH significantly influences the transcriptomic landscape in ApB and AxB of chemically topped tobacco. Gene
ontology (GO) enrichment analysis revealed that upregulated genes in ApB were enriched for phosphorelay signal transduc-
tion, and the regulation of transition timing from vegetative to reproductive phase, whereas downregulated genes were largely
associated with meristem maintenance, cytokinin metabolism, cell wall synthesis, photosynthesis, and DNA metabolism. In
MH-treated AxB, GO terms related to defense response and oxylipin metabolism were overrepresented in upregulated genes.
GO terms associated with cell cycle, DNA metabolism, and cytokinin metabolism were enriched in downregulated genes.
Expression of KNOX and MADS transcription factor (TF) family genes, known to be involved in meristem development,
were affected in ApB and AxB by MH treatment. The promoters of MH-responsive genes are enriched for several known
cis-acting elements, suggesting the involvement of a subset of TF families. Our findings suggest that MH affects shoot bud
development in chemically topped tobacco by altering the expression of genes related to meristem development, DNA repair
and recombination, cell division, and phytohormone signaling.

Keywords Maleic hydrazide - Systemic suckercide - Chemical topping - RNA sequencing - Apical and axillary bud
development - Phytohormones
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Glutathione-dependent dehydroascorbate
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False discovery rate
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reads mapped
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GA oxidases

Gene ontology

Glutathione S-transferases

Histidine kinase

His-containing phosphotransfer protein
Jasmonic acid

KNOX Arabidopsis thaliana MEINOX
Knotted1-like homeobox

Ent-kaurine oxidase

Ent-kaurene synthase

Lateral suppressor

Minichromosome maintenance

Maleic hydrazide

Nucleotide triphosphatases

Origin recognition complex
Pathogenesis-related genes
Position-specific weight matrices
Regulator of axillary meristems

RNA integrity number

Revolute

Regulator of axillary meristem formation
Regulatory particle non-atpase 12A
Salicylic acid

Shoot apical meristem

Salicylic acid carboxyl methyltransferase
Teosinte branched 1

Transcription factor

Terpene synthase

TSS Translation start site
TSNA Tobacco-specific nitrosamines

Introduction

Removal of the apical buds or inflorescence, an agricultural
practice termed topping, influences the quality and yield
of a number of crop species, including tomato (Gianfagna
et al. 1997; Logendra et al. 2004; Venezian et al. 2017),
cotton (Yang et al. 2012b; Renou et al. 2011), sunn hemp
(Crotolaria juncea) (Tripathi et al. 2013), fenugreek (Trig-
onella foenum-graecum) (Vasudevan et al. 2008), mustard
(Brassica spp.) (Singh et al. 2011), apple (Cline and Bak-
ker 2016), and okra (Abelmoschus esculentus) (Marie et al.
2007). Topping of tobacco (Nicotiana tabacum L.) plants is
usually accomplished by manually or mechanically remov-
ing the top of each plant in an entire field. Apical buds are
removed at the button stage to prevent the development of
inflorescence and to allow the allocation of nutrients to the
leaves. Topping results in increased leaf size, weight, nico-
tine content, and other chemical constituents (Fisher and
Priest 2004; Tso 1990; Rao et al. 2003). Topping, however,
stimulates the proliferation of axillary buds (AXB; also
known as suckers). AXB growth affects water and nutri-
ent allocation to the primary leaves and, thus, negatively
impacts crop yield (Collins and Hawks 1993). Additionally,
AXB growth affects both quality and quantity of marketable
leaves in tobacco. Manual topping is labor intensive and
expensive. Therefore, a non-traditional method of topping,
“chemical topping” (untopped plants treated with chemi-
cals that inhibit apical and axillary bud growth), has been
explored to eliminate the need for manual topping to reduce
the labor cost (Peek 1995; Richmond 2018). In addition,
Richmond (2018) found that yield and leaf quality of MH-
treated chemically topped burley tobacco are comparable to
manually topped plants. Moreover, significant reductions in
total tobacco-specific nitrosamine (TSNA) content in chemi-
cally topped plants compared to manually topped plants has
also been reported (Richmond 2018).

Tobacco sucker control is usually achieved by application
of suckercides (chemicals that inhibit AxB growth). Three
types of chemicals used to control sucker growth are known
as contact, local systemic, and systemic suckercides. Contact
suckercides are not absorbed or translocated in plants requir-
ing direct placement on the leaf axils. Local systemic sucker-
cides are absorbed in the leaf axil and translocated to inhibit
bud growth. Systemic suckercides do not need to be in direct
contact with the suckers as they are absorbed by the leaves
and translocated to the leaf axils, where they inhibit bud
growth. Maleic hydrazide (MH; 1,2-dihydro-3,6,-pyridazin-
edione) is a plant growth regulator that is used for lawns,
amenity turf, and fruits/vegetables including citrus, potatoes,
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carrots, onions, shallots and garlic. MH is widely used in
tobacco production as a systemic suckercide. MH is readily
translocated through the plant vasculature and inhibits cell
division, thus preventing the growth of newly developing
suckers without hindering the growth of more mature leaves.
MH acts as an antimitotic agent in axillary bud tissue (Clapp
and Seltmann 1983). The gene regulatory network involved
in meristem maintenance and development in plants has
been extensively studied. Accumulating evidence suggests
that transcription factors (TFs) and phytohormones, such
as cytokinin, gibberellic acid, and auxin, play major roles
in the developmental process. TFs belonging to families of
R2R3 MYBs, GRAS domain protein, bHLH, KNOX and
HD-ZIP have been characterized for their roles in meristem
development and maintenance (Miiller et al. 2006; Yang
et al. 2012a; Yang and Jiao 2016). However, the molecu-
lar mechanism by which MH affects bud growth is poorly
understood even though the mode of action of MH has been
studied for more than 70 years (Naylor 1950). There are a
few reports on the influence of topping and suckercides on
gene expression in tobacco (Qi et al. 2012; Guo et al. 2011;
Tang et al. 2012; Singh et al. 2015). Previously, we reported
the influence of two different suckercides, local (flumetralin,
e.g. Flupro, UPL NA Inc., King of Prussia, PA, USA) and
contact-localized—systemic (C¢g—C,,—C,, fatty alcohol, e.g.
Off-shoot T, UPL NA Inc., King of Prussia, PA, USA) on
differential gene expression in tobacco (Singh et al. 2015).
The differentially expressed genes (DEGS), largely related
to wounding, phytohormone metabolism and specialized
metabolite biosynthesis, exhibit significant upregulation
following topping but downregulation after suckercide treat-
ments (Singh et al. 2015).

The systemic nature of MH makes it an ideal compound
for use in chemical topping. Our primary objectives are
to study the impact of MH on gene expression in chemi-
cally topped tobacco plants and to investigate the molecular
mechanism of action of MH on apical bud (ApB) and AXB
growth. Here, we analyzed global changes in gene expres-
sion in MH-topped burley tobacco using transcriptomic
analysis and propose a possible molecular mechanism of
action of MH on ApB and AXB shoot growth in plants.
The information generated is useful for the identification of
potential candidate genes involved in sucker formation and
for the development of chemical-free sucker control system
for tobacco in the future.

Materials and methods
Plant material, MH treatment and RNA sequencing

Burley tobacco (Nicotiana tabacum variety ‘KT210 LC”)
plants were grown at the Agricultural Experiment Station

Spindletop Farm near Lexington, Kentucky, USA. MH
(Royal MH-30, 180 g a.i. liter"!, UPL NA Inc., King of
Prussia, PA, USA) was applied with a CO,-pressurized
sprayer calibrated to 468 L ha-~! with a directed three-
nozzle row™! configuration (TG3-TG5-TG3 coarse solid
cone nozzles, Teelet Inc., USA) at the 10% button stage.
Based on our previous study on the effects of suckercides
on tobacco gene expression (Singh et al. 2015), we collected
ApB and AxB samples 24 h after MH application from the
MH-treated and control plants (untreated), froze them imme-
diately in liquid nitrogen and stored at — 80 °C until RNA
extraction (Fig. S1).

Total RNA was isolated from 100 mg of ApB and AxB
tissues using the RNeasy Plant Mini Kit (Qiagen, USA) fol-
lowing the manufacturer’s instructions. Quality of the RNA
samples was determined using an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA) and RNA samples with RNA
integrity number (RIN) 8 or above were used for library
preparation. For each tissue (with or without MH treatment),
three libraries were constructed using independent RNA
samples. The TruSeq RNA Sample Prep Kit (Illumina, USA)
was used for making libraries according to the manufactur-
er’s protocol. Individually indexed libraries were combined
at equal proportions and loaded onto a single lane of a flow
cell. A 50-cycle single-end sequencing run was performed
on the Illumina HiSeq2500 at the Duke Center for Genomic
and Computational Biology.

Data processing and gene expression quantification

Raw Illumina sequence reads were processed as described
previously (Singh et al. 2015). In summary, raw [llumina
sequence reads were filtered for low-quality reads using
the prinseq-lite-0.20.426 (Schmieder and Edwards 2011).
Preprocessed reads were assessed for quality control with
systemPipeR (Backman and Girke 2016). Read mapping
was performed by Bowtie2 (Langmead and Salzberg 2012)
using the tobacco reference sequence downloaded from Sol
Genomics Network database (Galperin et al. 2015). Differ-
ential gene expression analysis was carried out using the
DESeq?2 Bioconductor package in R (Love et al. 2014). The
differentially expressed genes (DEGs) were identified using
the following two criteria: (i) fold change >?2 and (ii) false
discovery rate (FDR) p value correction of <(0.05. Heatmap
was constructed using the ComplexHeatmap (Gu et al. 2016)
function in R through the Bioconductor package (R Core
Team 2020).

Functional annotation and gene ontology (GO)
analysis

Functional annotation of DEGs was performed with
eggNOG 4.5 (Huerta-Cepas et al. 2016) and InterPro

@ Springer
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(Mitchell et al. 2015) databases. GO analysis of enriched
functional categories was performed using BINGO (ver-
sion 2.44) (Maere et al. 2005) and visualized in Cytoscape
(Shannon et al. 2003). The hypergeometric test with Ben-
jamini and Hochberg’s FDR correction was used to calcu-
late overrepresented GO categories among DEGs, using a
p value <0.05. Results from the gene list analyzed using
BiNGO were summarized with REViGO by removing
redundant GO terms (Supek et al. 2011). The Mercator
tool was used to bin all genes according to hierarchical
ontologies and MapMan (v.3.5.1) was used to visualize
DEGs on different pathways (Thimm et al. 2004).

Real-time quantitative PCR (RT-qPCR) analysis

We isolated RNA from control and MH-treated samples,
and reverse-transcribed using Superscript III Reverse
Transcriptase (Invitrogen, USA), following the manu-
facturer’s instructions. Real-time quantitative PCR (RT-
qPCR) was performed as previously described (Pattanaik
et al. 2010). The comparative cycle threshold (Ct) method
was used to measure transcript levels. Tobacco elongation
factor-1a (GenBank accession number D63396) was used
as a reference gene. Gene-specific primers used for RT-
gPCR analysis are given in Table S1.

Motif enrichment analysis

The promoters (1 kb upstream of the translation start
sites; TSS) of DEGs were scanned with PSCAN (Zam-
belli et al. 2009) to identify statistically overrepresented
motifs. Motifs corresponding to known TF-binding sites
and position-specific weight matrices (PWMs) were col-
lected from the JASPAR database (Khan et al. 2018). Pro-
moters were also scanned for the presence of TF binding
motifs in the PLACE database (Higo et al. 1999) using the
AME program (McLeay and Bailey 2010). Any PWM and
motifs showing a P value equal or lower than 1E-5 were
considered as significantly overrepresented.

Statistical analysis

For RNA sequencing, three independent biological rep-
licates were used for control or MH-treated ApB or AxB
(Table S2). The RT-qPCR experiments were performed
using cDNA from three independent biological replicates
and the error bars represent the means + SD from three
replicates. Statistical significance was calculated using the
Student’s ¢ test: *, P <0.05.

@ Springer
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Results

RNA-seq analysis reveals differential gene
expression between apical and axillary buds

RNA-seq analysis was performed to study the influence
of MH on gene expression in ApB and AxB of chemically
topped tobacco plants. A total of 12 samples comprised
of control and MH-treated ApB and AxB were used for
library preparation and sequencing using the Illumina
HiSeq2500 system (Fig. S1). Sequencing of RNA librar-
ies from ApB and AXB of tobacco generated a total of
450 million (M) clean reads (Table S2). Each biologi-
cal replicate (control and MH-treated) was represented
by an average of more than 100 M reads. On an average,
more than 75% of the total reads from control and MH-
treated libraries were successfully mapped to the reference
tobacco genome sequence (Table S2). Transcripts with
FPKM (Fragments Per Kilobase of gene per Million reads
mapped) value > 1 was included in our analysis. Total
number of transcripts varied from approximately 44,000 to
47,000 in all analyzed samples which were further divided
into three categories, low (1-5 FPKM), moderate (5-20
FPKM), or high (> 20 FPKM), based on their abundance.
Both control and MH-treated samples had similar distri-
bution of low, moderate, and highly expressed mRNAs
(Fig. la) and about 10,000 mRNAs showed distinct
accumulation patterns between MH-treated (chemically
topped: CT) ApB and AxB with (CT-ApB and CT-AxB)
and control (C-ApB and C-AxB) MH treatment (Fig. 1b).

MH treatment significantly alters gene expression
in apical and axillary buds

Compared with the control, chemical topping significantly
altered gene expression in ApB and AxB. A total of 573
(132 upregulated, 441 downregulated) and 2,632 (2,174
upregulated, 458 down-regulated) genes were found to
be differentially expressed in chemically topped ApB
and AxB, respectively (Fig. 2a; Table S3). A total of 87
genes common to both ApB and AxB were affected by MH
treatment (Fig. 2b). Among the 87 genes, 8 were upregu-
lated and 18 downregulated; the downregulated genes are
enriched for meristem development and cytokinin (CK)
metabolism. The downregulated genes in both MH-treated
ApB and AxB included a number of the Knotted1-like
homeobox (KNOX) family and BTB/POZ (bric-a-brac,
tramtrack and broad complex/poxvirus and zinc finger)
domain TFs. Members of both TF families are known to
regulate the meristematic activities in plants (Gao et al.
2015; Tavakol et al. 2015). The other 61 genes showed
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Fig. 1 Overview of RNA
sequencing analysis. a Distribu-

a 50000 -

tion of FPKM normalized
transcripts across the axillary
and apical bud tissue of MH-
treated (chemically topped)
and untreated (control) plants.
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b Clustered heat map of the
top 10,000 highly abundant
mRNAs. C-ApB, control api-
cal bud; CT-ApB, chemically
topped-apical bud; C-AxB,
control axillary bud; CT-AxB,
chemically topped-axillary bud
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Fig. 2 Differentially expressed 2500

genes in maleic hydrazide
(MH)-treated apical and
axillary buds. a Number of
upregulated and downregulated
genes. b Venn diagram depict-
ing the overlap of differentially
expressed genes (DEGs)
between MH-treated apical
and axillary bud. CT-ApB,
chemically topped-apical bud;
CT-AxB, chemically topped-
axillary bud
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Treatments

contra regulation (opposite regulation) in ApB and AxB.
Genes related to secondary metabolism and defense,
pathogenesis-related (PR) genes, chitinase and hormone
biosynthesis (jasmonate and ethylene biosynthetic genes)
were upregulated in MH-treated AxB but downregulated
in ApB. Genes related to translation (e.g. ribosomal pro-
tein L22p/L.17e family genes) were upregulated in MH-
treated ApB. Differentially expressed genes are listed in
Table S3.

Gene ontology enrichment analysis highlights
the influence of MH on different developmental
and metabolic pathways in ApB and AxB

To gain further insight into the effects of MH treatment,
we performed gene ontology (GO) enrichment analysis to
further examine the effect of MH treatment on genes that
were differentially expressed in ApB and AxB (Fig. 3a, b).

Genes upregulated in MH-treated ApB were enriched for
the phosphorelay signal transduction system (GO:0,000,160)
and regulation of gene expression (G0:0,010,468), while
downregulated genes were enriched in GO terms related
to meristem maintenance, cytokinin (CK) metabolism,
cell wall synthesis, photosynthesis and DNA metabolism
(Fig. 3a). The GO terms “phosphorelay signal transduction
system” (G0O:0,000,160) and “regulation of gene expres-
sion” (G0O:0,010,468) include genes involved in CK signal-
ing such Type-A Response Regulators (RR) and Cytokinin
Response Factors (CRFs). Type-A RR and CRFs are nega-
tive regulators of CK signaling and were induced by MH
application in ApB. The GO term meristem maintenance
includes genes from the KNOX TF family, MADS gene fam-
ily (Agamous-like; AGL), WUSCHEL-related homeobox 8§,
YABBY family (CRABS CLAW, CRC), and REPLUMLESS
(RPL), which are well characterized for their roles in mer-
istem, embryo and flower development (Khan et al. 2015;
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Fig.3 Gene ontology (GO) analyses of DEGs in maleic hydrazide
(MH)-treated apical and axillary buds. GO analysis of DEGs in api-
cal (a) and axillary bud (b). Upregulated GO terms are colored in
‘red” while downregulated terms are in ‘green’. Each circle rep-
resents one GO term. Circle size represents the number of genes
in each GO category while color represents the significance level.
Description of the GO terms in apical buds: GO:0,048,440 carpel
development; GO:0,010,073 meristem maintenance; GO:0,042,219
cellular amino acid derivative catabolic process; GO:0,071,554 cell
wall organization or biogenesis; GO:009,690 cytokinin metabolic
process; GO:009,832 plant-type cell wall biogenesis; GO:0,010,468
regulation of gene expression; GO:006,355 regulation of transcrip-
tion DNA-templated; GO:0,051,273 beta-glucan metabolic process;
GO0:0,009,808 lignin metabolic process; GO:0,080,027 response to
herbivore; GO:0,015,979 photosynthesis; GO:0,000,160 two-com-
ponent signal transduction (phosphorelay); GO:0,055,114 oxida-

Gao et al. 2015; Borner et al. 2000; Goldshmidt et al. 2008;
Leibfried et al. 2005). GO terms plant-type cell wall biogen-
esis (GO:0,009,832), lignin metabolism (GO:0,009,808) and
oxidation—reduction (GO:0,055,114) include genes belong-
ing to families of cellulose synthase, cytochrome P450, and
laccase. These genes were mostly downregulated following
MH treatment. MADS and KNOX family genes were also
abundant in ‘regulation of transcription DNA-templated’
(G0:0,006,355) GO term and downregulated following MH
treatment.

In MH-treated AxB, GO terms related to defense
responses and oxylipin metabolism were enriched in
upregulated genes, whereas cell cycle and DNA metabo-
lism, and CK metabolism were enriched in downregulated
genes (Fig. 3b). Cell division and cell elongation are two
key aspects of plant growth. DNA replication is a com-
plex and stringently regulated process that is limited to
the S-phase of cell cycle. DNA replication consists of two
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tion reduction process; GO:0,019,748 secondary metabolic process.
Description of the GO terms in axillary buds: GO:0,019,321 pentose
metabolic process; GO:0,007,049 cell cycle; GO:0,055,114 oxidation
reduction process; GO:0,046,395 carboxylic acid catabolic process;
GO0:0,031,407 oxylipin metabolic process; G0O:0,009,694 jasmonic
acid metabolic process; G0O:0,009,690 cytokinin metabolic process;
G0:0,048,544 recognition of pollen; GO:006,259 DNA metabolic
process; GO0:0,006,260 DNA replication; GO:0,042,127 regula-
tion of cell proliferation; GO:0,009,607 response to biotic stimulus;
GO0:0,006,952 defense response; GO:0,006,974 response to DNA
damage stimulus; GO:0,034,421 post-translational protein acetyla-
tion; GO:0,009,744 response to sucrose; GO:0,006,468 protein phos-
phorylation; G0:0,006,807 nitrogen compound metabolic process;
GO0:0,000,003 reproduction; GO:0,035,428 hexose transmembrane
transport

key steps: formation of pre-replication complex (pre-RC)
and the initiation of DNA replication. A number of pro-
teins including Origin Recognition Complex (ORC), Cell
Division Control (CDC) 6/CDC18, chromatin licensing
and DNA replication factor 1 (Cdtl), and minichromosome
maintenance (MCM) proteins are essential for the pre-RC
formation (Gutierrez 2009). Expression of genes belonging
to MCM (MCM2/3/5), ORC and CDC families, which are
essential for initiation of DNA replication, was downregu-
lated in MH-treated AXB. In addition to CDCs and MCMs,
members of nucleotide triphosphatases (NTPases), such as
replication factor C, were also suppressed by MH treatment.
The Replication Protein A1B, RAD21.2, ARABIDOPSIS
HOMOLOG OF YEAST CDT1 A, BREAST CANCER
ASSOCIATED RING DOMAIN 1 (BARD1) and RECQ
helicase 11 are known regulators of DNA repair and recom-
bination in plants. Expression of these genes was suppressed
in ApB and AXB by MH treatment. Several other genes
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including REGULATORY PARTICLE NON-ATPASE 12A
(RPN12A) (Smalle et al. 2002), Chromatin Assembly Fac-
tor-1 (CAF-1), FUSED (Oh et al. 2014) and ASF1-like his-
tone chaperone (Lario et al. 2013), with known functions in
CK signaling, cytokinesis and DNA replication and repair
(Mufioz-Viana et al. 2017) were downregulated in MH-
treated AxB. Collectively, these findings suggest that MH
suppresses DNA replication, DNA repair, and recombination
machinery, resulting in arrest of cell cycle and, ultimately,
bud development. Moreover, MH inhibits apical and axil-
lary shoot development possibly by affecting CK metabolic
processes in tobacco. A complete list of GO terms is given
in Supplementary Table S4.

MH-treatment alters the expression of TF genes
involved in meristem development, defense
responses and secondary metabolism

TFs belonging to R2ZR3MYBs, bHLH, GRAS, HD/ZIP,
KNOX and BTB/POZ families play crucial roles in mer-
istem maintenance and development in plants. The R2R3
MYB, Blind (BL)/Regulator of Axillary Meristems (RAX),
bHLH TF Regulator of Axillary Meristem Formation (ROX)
(Yang et al. 2012a), GRAS family TF Lateral suppressor
(LAS) (Yang and Jiao 2016), and HD/ZIP TF Revoluta
(REV), are positive regulators of axillary meristem develop-
ment in Arabidopsis, tomato and pepper (Miiller et al. 2006).
Our transcriptome analysis revealed that the expression of
the tobacco homologues of BL, ROX, and LAS was altered
in the ApB and/or AxB after MH treatment (Table S5). In
addition, expression of TFs belonging KNOX, MADS and
BTB/POZ domain families was also affected by MH treat-
ment both in ApB and AxB.

Notably in MH-treated ApB, expression of several
MADS-box family TFs was downregulated (Fig. S2a).
MADS-box family genes regulate both flowering time
and vegetative to reproductive phase transition (Borner
et al. 2000; Putterill et al. 2004). In Arabidopsis, flower-
ing is proposed to be regulated by four genetic pathways,
photoperiod, autonomous, vernalization, and gibberellin-
induced pathways (Bidurle and Dean 2006; Boss et al.
2004). In the current ABCDE model for flower develop-
ment, floral organ identity is specified by five classes of
homeotic genes, A (APETALAL, AP1), B (PISTILATA,
PI), C (AGAMOUS, AG), D (SEEDSTICK/AGAMOUS-
LIKE11,STK/AGL11) and E (SEPALLATA, SEP) (Rijp-
kema et al. 2010). Different combinations of these home-
otic genes determine the identities of the floral organs:
sepals (A +E), petals (A+ B +E), stamens (B+C+E),
carpels (C+E), and ovules (D +E). In Arabidopsis, most
members of class A, B, C, D, E belong to the MADS-box
TF family. Since a large number of MADS-box genes were
differentially expressed in MH-treated ApB, we analyzed
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the expression of homologs of well-characterized MADS-
box family members in our transcriptome. SEPALLATA1
(SEP1), SEP2 and SEP3, and SEP4 are required to specify
petals, stamens, and carpels (Ditta et al. 2004). Expression
of several SEP homologs was repressed by MH applica-
tion. In addition, expression of genes required for floral
organ identity including PISTILLATA, AGAMOUS, API,
and AP3, was also repressed by MH treatment. In Arabi-
dopsis, AGAMOUS-like 22 (AGL22) regulates flowering
time by negatively regulating the expression of the flo-
ral integrator, F7T, via direct binding to the CArG motifs
in the FT promoter region (Lee et al. 2007). AGL22 was
induced in ApB by MH-treatment (Hartmann et al. 2000).
Notably, a MADS-box TF, AGL6, which is reported to be
a positive regulator of axillary meristem formation and
flowering (Huang et al. 2012; Koo et al. 2010), is also
repressed by MH application. In Arabidopsis, the BTB/
POZ domain TFs, BLADE ON PETIOLE 1 (BOP1) and
BOP2, act redundantly to control leaf and floral patterning
by modulating the meristematic activity. BOP2 is highly
expressed in the young floral meristem (Xu et al. 2010).
Expression of BOP2 was repressed by MH treatment. The
Uniculme4 (Cul4) gene, a homolog of Arabidopsis BOP2,
has also been shown to express in axil and leaf boundary
regions to positively control AxB growth (Tavakol et al.
2015). Downregulation of multiple MADS-box and BTB/
POZ family genes after MH application was consistent
with previous findings that show MH treatment delays
or inhibits flower initiation in several plants including
tobacco (Klein and Leopold 1953; Naylor 1950).

In addition to meristem development, MH treatment
also affected defense response and secondary metabo-
lism. In MH-treated AxB, expression of TFs belonging to
WRKY, AP2/ERF and NAC families were affected (Fig.
S2b). WRKYs are well-studied plant-specific TFs involved
in diverse biotic and abiotic stress responses as well as in
developmental/physiological processes (Phukan et al. 2016).
In addition, WRKY are key regulators of secondary metabo-
lites in plants (Schluttenhofer and Yuan 2015). Expression
of several WRKY TF genes, including WRKY2, WRKY6,
WRKY7, WRKY11, WRKY23, WRKY28, WRKY33, WRKY38,
WRKY40, WRKY41, WRKY45, WRKY50, WRKYS51,
WRKY53, WRKY70, was upregulated in MH-treated AxB.
Previous studies in Arabidopsis suggest that WRKY50 and
WRKY51 act as positive regulators of salicylic acid (SA)-
mediated signaling and negative regulators of JA signaling
(Gao et al. 2011). WRKY28 and WRKY70 are involved in
both SA and JA signaling pathways in plants (Li et al. 2004;
Chen et al. 2013). WRKY33 is a key regulator of camalexin
biosynthesis and is required for resistance to necrotrophic
fungal pathogens in Arabidopsis (Liu et al. 2016; Zheng
et al. 2006). WRKY 13, which is known to activate lignin
biosynthesis (Li et al. 2015) and repress flowering (Li et al.

@ Springer



64 Page 8 of 17

Planta (2020) 252:64

2016) in Arabidopsis, was upregulated by MH treatment in
AxB.

MH perturbs the expression of KNOX family
TFs involved in meristem maintenance
and development

As expression of a number of KNOX family genes were
altered by MH treatment, we analyzed in detail KNOX TF
family in tobacco. The KNOX genes comprise a small fam-
ily of TALE homeobox TFs that are found in all plant spe-
cies and can be divided into two major sub-classes (Gao
et al. 2015). Class I KNOX genes are most similar to maize
knottedl (knl) gene and are predominantly expressed in the
shoot apical meristem (SAM) (Gao et al. 2015; Hake et al.
2004). Class IT KNOX genes exhibit diverse expression pat-
terns (Gao et al. 2015). KNOX ARABIDOPSIS THALIANA
MEINOX (KNATM) genes are relatively new members of
the KNOX family which encodes a MEINOX domain but
not a homeodomain. In Arabidopsis, KNATM is expressed
in proximal-lateral domains of organ primordia and at the
boundary of mature organs, and involved in leaf proxi-
mal—distal patterning (Magnani and Hake 2008). We identi-
fied 19 KNOX family members in tobacco and phylogenetic

analysis revealed three major clades, class [ KNOX, class
II KNOX and KNATM (Fig. 4a), as described previously
(Gao et al. 2015). The class I clade has eleven members
and MH-treatment repressed the expression of most class
I KNOX genes in ApB and AxB whereas expression of
six class II KNOX genes were not significantly affected
(Fig. 4b). Unlike typical KNOX family members, KNATM
encodes a MEINOX domain without a homeodomain, and
interacts with TALE-class homeodomain proteins to modu-
late their activities (Magnani and Hake 2008). We identified
two KNATM family members in tobacco and both copies of
KNATM were upregulated in ApB but not in AxB (Fig. 4b).

MH-treatment affects expression of other
phytohormone biosynthetic and signaling genes
in apical and axillary buds

We identified all phytohormone metabolism and signaling-
related genes in tobacco as described previously (Table S6)
(Prasad et al. 2016) and analyzed their expression in our
transcriptome. In addition to CK, genes related to biosynthe-
sis and signaling of a number of other phytohormones such
as gibberellic acid (GA), JA, ethylene (ET), abscisic acid
(ABA), and SA, were affected by MH-treatment in ApB and
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Fig.4 Phylogenetic and gene expression analysis of KNOX gene
family from tobacco. a A neighbor-joining phylogenetic tree of
members of the KNOX gene family from Arabidopsis thaliana and
Nicotiana tabacum (tobacco) was constructed using ClustalX and
MEGA7.0 software with 1000 bootstraps. Nodes belonging to A.
thaliana are represented by ‘blue’ circles while ‘red’ circles repre-
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sent the genes from tobacco. b Heat map showing the FKPM values
KNOX genes obtained by RNA-seq analysis. Rows represent probes
and columns represent samples. The differential expression of each
class of KNOX genes is annotated in the right bar. NSC, not signifi-
cantly changed
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AXB of tobacco (Table S7-8). RNA-seq analysis revealed
that compared with the control, 20 and 57 genes related to
phytohormone metabolism and signaling were significantly
differentially expressed in CT-ApB (Table S7) and CT-AxB
(Table S8), respectively. CT-AXB specific genes are related
to SA, JA, GA and ET metabolism. Genes related to ET bio-
synthesis, including 1-amino-cyclopropane-1-carboxylate
(ACC) synthase and ACC oxidase, were upregulated by MH-
treatment in AxB. In addition, four DEGs related to ET bio-
synthesis were also common to CT-ApB and CT-AxB, which
are downregulated in ApB but upregulated in AxB. These four
DEGs are homologs of Arabidopsis 1-aminocyclopropane-
1-carboxylic acid oxidase 4 (ACO4), a key gene in ET bio-
synthesis, indicating that MH treatment possibly induces ET
accumulation leading to the suppression of bud growth. ET is
known to inhibit cell division, DNA synthesis, and growth of
AxB (Apelbaum and Burg 1972).

GAs play fundamental roles in plant growth and develop-
ment. Three classes of enzymes, terpene synthases (TPSs),
CYP450s and GA oxidases (GAoxs), are required for the
biosynthesis of bioactive GAs from geranylgeranyl diphos-
phate (GGDP), and the pathway can be divided into two
main steps. The early steps are catalyzed by a series of genes
encoding enzymes, such as ent-copalyl diphosphate synthase
(CPS), ent-kaurine synthase (KS), ent-kaurine oxidase (KO),
and ENTKAURENOIC (KAO). The enzymes catalyzing
later steps, including GA2 oxidase (GA20x), GA20 oxidase
(GA200x), and GA3 oxidase (GA3ox), belong to the 20G-Fe
(II) oxygenase superfamily and are encoded by different gene
families (Hedden and Phillips 2000). The genes involved in
the later steps of GA biosynthesis are differentially regulated
by developmental and environmental cues and play crucial but
antagonistic roles in the accumulation of bioactive GA levels.
For instance, upregulation of GA20ox and GA3ox increases
the GA level, whereas higher expression of GA2o0x decreases
the GA level (Schomburg et al. 2003; Lo et al. 2008). GA
is involved in AXB development in different plants includ-
ing tomato, rice and aspen (Rinne et al. 2016; Martinez-Bello
et al. 2015; Lo et al. 2008). In rice, GA negatively regulates
the expression of two TFs, Homeobox 1 and TEOSINTE
BRANCHEDI1 (TB1), which control meristem initiation and
AxB outgrowth, respectively, and inhibits tillering (Lo et al.
2008). Two homologs of Arabidopsis GA2o0x were upregulated
in response to MH-treatment in our AxB dataset (Table S8),
which possibly lowers the concentration of GA and inhibits
AxB development.

MapMan visualization highlights the influence
of MH treatment on different plant metabolic
pathways

The pathway-based analysis was performed to associate
biological functions with the genes differentially expressed
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in response to MH treatment. We used a comprehensive
tool, the MapMan, to visualize the pathways affected by
MH treatment in ApB and AxB tissues in tobacco. We
overlaid the log2-fold change of DEGs to identify and
visualize affected pathways. The number of genes in AxB
affected by MH treatment was significantly higher com-
pared to ApB, indicating a broader impact of MH on AxB.
Genes related to defense such as secondary metabolites,
proteolysis, pathogenesis-related genes and heat shock
protein were downregulated in MH-treated ApB (Fig. 5a).
However, unlike ApB, genes related to defense pathways
and hormone biosynthesis were upregulated in AxB by
MH treatment (Fig. 5b). In AXB, genes encoding enzymes
in JA biosynthetic pathway, e.g. lipoxygenase and allene
oxidase, were upregulated in response to MH treatment.
Genes related to auxin homeostasis (IAA-amino acid
hydrolase and GH3 family), ethylene biosynthesis and
signaling ([ethylene response factorl (ERF1), ERF2,
ERF5, ERF4, 1-aminocyclopropane-1-carboxylate oxidase
(ACOs) and 1-aminocyclopropane-1-carboxylate synthase
(ACS)] were also induced by MH treatment in AxB. Plant
glutathione S-transferases (GSTs) are a large gene fam-
ily. There are 47 GST genes in Arabidopsis thaliana, 25
in Glycine max, and 42 in Zea mays. Based on sequence
similarity, GSTs in plants are divided into three groups (1,
II, and III) or, into six classes (tau, phi, zeta, theta, lambda,
and DHAR). GSTs belong to tau and phi classes are more
prevalent. The conjugation of toxic xenobiotics and oxi-
datively produced compounds to reduced glutathione is
catalyzed by GSTs, which facilitates their metabolism,
sequestration, or removal (Dalton et al. 2009). Expression
of GSTs are also known to be induced by auxin and ethyl-
ene in plants including tobacco (van der Kop et al. 1996;
Droog et al. 1995; Itzhaki and Woodson 1993; Van der
Zaal et al. 1991). Unlike ApB, several homologs of auxin-
responsive GSTs were found to be induced by MH treat-
ment in AXB (Fig. 5b). Pathogenesis-related (PR) proteins
play numerous roles in plant development and defense.
The highly conserved plant PR proteins are classified
into 17 classes based on amino acid sequence, serological
relationship, and biological activities (Van Loon and Van
Strien 1999). PR proteins are involved in plant immune
responses (Stintzi et al. 1993) and enhance plant toler-
ance to both biotic and abiotic stresses (Wu et al. 2016).
For instance, overexpression of PR proteins, such as PR-1,
PR-5, or PR-10, enhances plant tolerance to a number of
pathogens, such as Rhizoctonia solani, Phytophthora nico-
tianae, Ralstonia solanacearum, and Pseudomonas syrin-
gae (Datta et al. 1999; Sarowar et al. 2005). In addition,
PR proteins have also been shown to play roles in adaption
to abiotic stresses such as salt and heavy metal tolerance
(Sarowar et al. 2005; de las Mercedes Dana et al. 2006).
MH treatment induced the expression of several PR genes
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«Fig.5 MapMan visualization of differential gene expression in
chemically topped apical bud and axillary bud compared with con-
trol. Each dot denotes a gene. ‘Blue’ color indicates downregulation
while ‘red’ indicates upregulation. The log2-fold changes of signifi-
cantly differentially expressed genes were imported and visualized in
MapMan for the chemically topped apical bud sample with regard to
pathogen/pest attack. a Chemically topped apical bud b chemically
topped-axillary bud. The drawings in this figure are generated by
MAPMAN (Thimm et al. 2004)

and secondary metabolite-related genes in AxB (Fig. 5b).
Taken together, these results indicate that ApB and AxXB
respond differently to MH treatment (Fig. 5).

The promoters of MH-responsive genes are enriched
in several known cis-acting elements

We identified several differentially expressed TF families
in MH-treated AxB and ApB. We assumed that differen-
tially expressed TFs are, at least in part, responsible for
driving downstream changes in gene expression. We thus
searched known plant cis-motifs, available in the JASPAR
CORE and PLACE databases, which were overrepresented
(p value <0.05) in putative promoter regions (1 kb upstream
from the translation start site) of DEGs with PSCAN and
AME programs, respectively. The promoter analysis identi-
fied several putative TF-binding sites, such as MADS and
HB family, in CT-ApB samples which corroborated with
differentially expressed TF families (Table S9). Similarly,
in CT-AxB, members of WRKY, bHLH, bZIP TF families
were found to be abundant. These results provide initial
clues into the TF-binding motifs that may be involved in
regulating subsets of genes in response to MH treatment.
Putative DEGs promoters were further scanned for the pres-
ence of motifs using the PLACE database. The MADS-box
binding site (TTWCYAWWWWTRGWAA), DOF binding
sites (AAAG, TAAAG, AAAAAGTAAAAAGTAAAA
AAGTAAAAAG), and Sugar-responsive element (ACA
TAAAATAAAAAAAGGCA) were enriched in CT-ApB
downregulated genes (Table S10). AxB-downregulated
genes were enriched in HB binding sites (CAATTATTA,
TAATMATTA) and the sucrose-responsive element (AAT
ACTAAT). Several cis-acting elements related to defense,
including TGAC, TTGAC, TTGACY, TGACY, AAKAAT
WYRTAWATAAAAMTTTTATWTA, MACGYGB, ACGT-
GKC, TTGACC, TGTGACATTGAAATTCTTTGACTTTA,
AACGCGTGTC and AWTTCAAA, were enriched in CT-
AxB upregulated genes. Moreover, several auxin-responsive
elements (TATTTGCTTAA, TGACGTAA) and sucrose-
responsive elements (AAAACTAAGAAAGACCGATGG
AAAA, AATAGAAAA, and AATACTAAT) were also
enriched in CT-AxB upregulated genes. We also identified
several sucrose-responsive elements in the promoters of
upregulated and downregulated genes in CT-ApB.
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Validation of DEGs by real-time quantitative PCR

To validate the RNA-seq results, expression of ten differ-
entially expressed genes involved in meristem development
and phytohormone metabolism were analyzed by RT-qPCR.
These genes encode the KNOX (KNOXI and KNOX12)
genes, AGL (AGL6 and AGL20) genes, 1-aminocyclopro-
pane-1-carboxylate oxidase 4 (ACO4) and salicylic acid
carboxyl methyltransferase (SAMT), Gibberellin 20-oxidase
(GA200x), IAA-leucine resistant-like 2 (ILL2), Indole-
3-acetic acid inducible 14 (IAA14), GA-INSENSITIVE
DWARFI1B (GIDIB). The qRT-PCR results were consistent
with the RNA-seq data, confirming the reliability and accu-
racy of our RNA-seq in this study (Fig. S3).

Discussion

MH exerts significant influence on tobacco
transcriptome

Although MH is widely used in farming of tobacco and
other crops for more than 70 years (Naylor 1950), the action
of MH at molecular level is poorly understood. We believe
that the gene expression profiles vary in ApB and AXB in
response to MH treatment, requiring a refined analysis using
separately isolated apical and axillary bud tissues. Here, we
provide a comprehensive account on transcriptomic land-
scape of MH-treated ApB and AXB of tobacco. We gener-
ated 450 million clean reads from sequencing ApB and AXB
RNA libraries, and, on an average, more than 75% of the
total reads from control and MH-treated libraries were suc-
cessfully mapped to the reference tobacco genome sequence,
suggesting the good quality and depth of RNA-seq libraries
(Table S2). The total number of transcripts in all analyzed
samples varied from approximately 44,000 to 47,000, and
approximately 10,000 mRNAs showed distinct accumula-
tion patterns between MH-treated ApB and AxB (CT-ApB
and CT-AXB) and control (C-ApB and C-AxB) (Fig. 1),
indicating that MH elicits global changes in tobacco gene
expression. In addition, MH has a broader effect on gene
expression in AXB than ApB as the number of DEGs was
significantly higher in MH-treated AXB compared to ApB
(Fig. 2).

MH alters expression of genes involved in meristem
development and cytokinin signaling

MH is known to suppress growth ApB and AXB growth in
plants. We thus tried to identify and analyze expression of
the genes involved in meristem development. GO enrich-
ment analysis revealed that expression of the genes related to
meristem development, cytokinin signaling and metabolism
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are significantly affected (Fig. 3). Several TF families with
known functions in meristem development were altered
by MH treatment. Notably, TFs belonging to families of
KNOX, MADS, and BTB/POZ domain were significantly
affected. The KNOX genes are divided into two major sub-
classes (Gao et al. 2015). Class I KNOX genes, similar
to maize knottedl (knl) gene, are predominantly expressed
in the shoot apical meristem (SAM) (Gao et al. 2015; Hake
et al. 2004). Class II KNOX genes exhibit diverse expression
patterns (Gao et al. 2015). In Arabidopsis, the Class I KNOX
gene, shoot meristemless (STM), has been shown to be a key
player in shoot and floral meristem maintenance (Endrizzi
et al. 1996). In addition, STM activates cytokinin (CK) bio-
synthetic genes and, consequently, increases CK accumula-
tion (Yanai et al. 2005). Tobacco contains eleven class I
KNOX genes, and MH-treatment repressed the expression
of most class I KNOX genes, but not class II KNOX genes,
in ApB and AxB (Fig. 4). MADS-box family genes regulate
both flowering time and vegetative to reproductive phase
transition in plants (Borner et al. 2000; Putterill et al. 2004).
In MH-treated ApB, the expression of several MADS-box
family TFs was downregulated (Fig. S2a). Notably affected
MADS TF homologs included SEP, PISTILLATA, AGA-
MOUS (AG), and AP1, that are well characterized for their
roles in floral organ identity. In addition to KNOX and
MADS, expression of genes belonging to BTB/POZ TF
family with known functions in meristem development was
affected by MH treatment. Collectively, our results suggest
MH likely inhibits bud growth in two ways: (1) by suppress-
ing the expression of key TFs in meristem development and
(2) affecting CK biosynthesis through altering expression of
STM-like KNOX TFs in tobacco.

CKs are implicated in nearly all aspects of plant growth
and development, including cell division, apical dominance,
leaf senescence, nutrient signaling, and shoot development
(Hwang et al. 2012). The CK signaling pathway is a mul-
tistep His—Asp phosphorelay system that involves a sensor
His-protein kinase (HK), His-containing phosphotransfer
protein (HP) and response regulator (RR). The Arabidopsis
response regulators (ARRSs) are classified into three major
groups based on phylogenetic analysis and domain structure:
type-A ARRs, type-B ARRs, and the Arabidopsis pseudor-
esponse regulators (APRRs) (Hwang et al. 2002). Type-A
ARRSs are negative regulators (Hirose et al. 2007; Kiba et al.
2003), while type-B ARRs are positive regulators of CK
signaling (Taniguchi et al. 2007; Yokoyama et al. 2007). The
CK response factors (CRFs) are a group of related AP2/ERF
TFs, which play a role in mediating part of the transcrip-
tional response downstream of the CK signaling pathway.
CREFs also induce the expression of type-A ARRs and sup-
press shoot growth (Raines et al. 2016). Our transcriptomic
analysis revealed that expression of several Type-A ARRs
and CRFs was upregulated in ApB following MH treatment.
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Taken together, our findings suggest that MH affects expres-
sion of key regulatory and CK signaling pathway genes to
suppress bud growth in plants.

MH elicits defense response in tobacco

Our gene expression analysis revealed that MH elicits
defense response in tobacco, evident by the upregulation of
key genes regulated to oxylipin biosynthesis and secondary
metabolism. WRKY TFs play key roles in plant defense and
biosynthesis of secondary metabolites (Phukan et al. 2016;
Schluttenhofer and Yuan 2015). Expression of at least 15
WRKY TFs, including WRKY28, WRKY33, WRKYS50 and
WRKY70, were upregulated in MH-treated AxB compared
to control (Fig. 5). These WRKY TFs in Arabidopsis regu-
late defense response, phytohormone (JA and SA) signaling,
and biosynthesis secondary metabolites (Chen et al. 2013; Li
et al. 2004; Zheng et al. 2006). PR proteins play numerous
roles in plant development and defense. Some PR proteins
are involved in plant immune responses and plant tolerance
to both biotic and abiotic stresses (Stintzi et al. 1993; Wu
et al. 2016). Expression of several PR genes was altered
in AxB following MH treatment. Collectively, our find-
ings suggest that MH elicits defense response by activating
expression of known regulatory genes in tobacco.

MH influences cell cycle, DNA replication, DNA
damage and recombination

Previous studies have indicated that MH acts as an antimi-
totic agent (Clapp and Seltmann 1983), affecting axillary and
apical bud growth by suppressing cell division in the actively
growing tissues. Our gene expression analysis revealed that
genes related to ORC, CDC, and MCM families, which
are important for DNA replication, were downregulated in
MH-treated AXB compared to the untreated control. In addi-
tion, MH treatment repressed the expression of BARDI and
RECQ helicase genes that are involved in DNA damage and
recombination, potentially leading to inaccurate replication
and ultimately cell viability (Table S3). These findings pro-
vide a possible mechanistic basis supporting the notion of
MH being an antimitotic agent.

MH elicits similar as well as opposite responses
in ApB and AxB

Differential gene expression and MAPMAN-based path-
way analyses revealed that MH elicits both similar and
opposite responses in tobacco ApB and AXB. For instance,
altered expression of genes related to KNOX family TFs
and cytokinin metabolism were common to both ApB and
AXxB (Fig. 2b). However, differential expression of several
MADS TF genes was only found in ApB. This is possibly
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due to the fact that tobacco naturally exhibits a strong apical
dominance and suppresses the growth of AxXB. The ApB
is eventually transformed into floral meristem. MADS TFs
play a critical role in vegetative to reproductive phase tran-
sition in plants. MH likely delays the phase transition by
altering expression MADS TFs, which is interesting because
previous observations have shown that MH application
delays flowering (Naylor 1950). The other significant dif-
ference between ApB and AXB is the expression of genes
related to defense response and secondary metabolism in
AXB (Fig. 5). Many genes related to secondary metabolism,
defense (e.g. pathogenesis-related (PR) genes and chitinase)
and hormone (e.g. jasmonate) biosynthesis were upregulated
in MH-treated AXB, but downregulated or not significantly
affected in ApB. Previous studies have shown that manual
topping induces defense response, JA signaling, and sec-
ondary metabolism in tobacco leaves; however, application
of a local (flumetralin) or local-systemic (fatty alcohols)
suckercide attenuates the induction (Singh et al. 2015). The
current detailed study using ApB and AXB showed distinct
effects of a systemic suckercide on the bud tissues.

cis-Regulatory motif enrichment

in the MH-responsive gene promoters underscores
the significant involvement of a subset of TF
families

TF belonging to different families are known to interact with
and bind specific cis-regulatory motifs present in the pro-
moters to regulate gene expression. Therefore, cis-motifs
provide important clues about the regulation of a meta-
bolic or developmental pathway by a specific group of TFs.
Selected cis-motifs have been used as baits to identify TFs
that regulate a pathway. DNA binding motifs for several TF
families, including bHLH, MYBs, MADS and WRKY, are
well characterized. Our search for putative cis-regulatory
motifs in the promoters of DEGs in ApB and AxB identified
several potential MADS, WRKY, HB TF-binding elements
(Tables S9 and 10). This information correlates well with
the TFs differentially expressed in response to MH treatment
and highlights the importance of a subset of TF families
that are critical in MH-responsive gene expression in ApB
and AxB.
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Conclusion

Chemical topping is a method to reduce the labor require-
ment associated with crop production. Utilizing a chemical
topping regime is a viable labor-saving alternative to reduce
the overall cost without negatively impacting yield or leaf
quality when compared to traditional manual topping prac-
tices. The adoption of chemical topping requires the appli-
cation of MH prior to when manual topping would occur.
Traditional practices would involve manually topping the
tobacco and then applying MH. Instead of simply measuring
how MH affecting vegetative tissues as a whole, we explored
the influence of MH on gene expression in ApB and AxB
of chemically topped burley tobacco. Our transcriptomic
analysis revealed that MH has a significant influence on the
gene expression in ApB and AXB. In both ApB and AXB,
MH treatment affects expression of genes associated with
meristem development, phytohormone metabolism, cell
division, DNA repair, and recombination, which potentially
leads to the inhibition of sucker development (Fig. 6) In
addition, MH elicits plant defense responses by inducing
the expression of genes involved in oxylipin biosynthesis,
secondary metabolism, and defense. Furthermore, MH-
treatment induces the expression of GST genes that are
known to respond to various biotic and abiotic signals to
protect plants from oxidative damage by detoxification and
mitigation (Fig. 6). Both in traditional or chemical topping,
accumulation of undesirable chemical residues on leaves as
a result of suckercide application not only leads to pollu-
tion and potential health issues, but also affects the saleable
value of tobacco leaves. Thus, development of a chemical-
free sucker control system is highly desirable. The resulting
information is a valuable resource for the identification and
characterization of potential candidate genes for the develop-
ment of suckercide-free tobacco in the future.
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Fig.6 A model depicting the
effects of MH on different
developmental and metabolic
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possible regulation through
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down-regulated genes. BL
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Abstract: Fescue toxicosis impacts beef cattle production via reductions in weight gain and muscle
development. Isoflavone supplementation has displayed potential for mitigating these effects.
The objective of the current study was to evaluate isoflavone supplementation with fescue seed
consumption on rumen and serum metabolomes. Angus steers (1 = 36) were allocated randomly in a
2 x 2 factorial arrangement of treatments including endophyte-infected (E+) or endophyte-free (E—)
tall fescue seed, with (P+) or without (P-) isoflavones. Steers were provided a basal diet with fescue
seed for 21 days, while isoflavones were orally administered daily. Following the trial, blood and
rumen fluid were collected for metabolite analysis. Metabolites were extracted and then analyzed
by UPLC-MS. The MAVEN program was implemented to identify metabolites for MetaboAnalyst
4.0 and SAS 9.4 statistical analysis. Seven differentially abundant metabolites were identified in
serum by isoflavone treatment, and eleven metabolites in the rumen due to seed type (p < 0.05).
Pathways affected by treatments were related to amino acid and nucleic acid metabolism in both
rumen fluid and serum (p < 0.05). Therefore, metabolism was altered by fescue seed in the rumen;
however, isoflavones altered metabolism systemically to potentially mitigate detrimental effects of
seed and improve animal performance.

Keywords: beef cattle; endophyte; ergot alkaloid; fescue toxicosis; isoflavone; metabolites

Key Contribution: As fescue toxicosis causes multiple symptoms that negatively impact beef cattle
performance, isoflavone consumption may reduce these effects. The current study found tall fescue
seed type to mainly impact the rumen metabolome, while isoflavone supplementation affected
the host metabolome in the serum, potentially improving animal growth and development during
fescue toxicosis.
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1. Introduction

Tall fescue is the major forage used to feed cattle in pasture-based systems of the southeast and
covers approximately 14 million hectares across the United States [1]. The advantage of tall fescue
is hardiness of the plants attributed to the presence of a fungal endophyte (Epichloé¢ coenophialum,
formerly known as Neotyphodium coenophialum and Acremonium coenophialumy) living in a mutualistic
relationship with the plant [2]. However, the endophyte produces ergot alkaloids that are toxic to
animals that consume them for an extended period of time [3]. Ergot alkaloids are able to bind
biogenic amine receptors on blood vessels, resulting in vasoconstriction throughout the body [4-6].
This results in a condition known as fescue toxicosis, which is commonly observed by the animal’s
inability to thermoregulate [7], poor reproductive performance [1], and reduced average daily gain [8],
significantly reducing overall animal performance. Therefore, researchers are tasked with identifying
management methods and therapeutics to alleviate these consequences to cattle producers.

Pasture management methods have been evaluated for reducing the impact of fescue toxicosis in
cattle. Inter-seeding of legumes, such as red clover, to mitigate the effects of fescue toxicosis has proved
beneficial in cattle grazing endophyte-infected tall fescue [9]. Recent research has found phytoestrogenic
compounds, known as isoflavones, present in red clover may be responsible for reducing the effects
of fescue toxicosis. Isoflavones act as an agonist on the 3-adrenergic receptors present on blood
vessels to promote vasodilation [10], reversing the effects of ergot alkaloid induced vasoconstriction.
Additionally, isoflavones act as a natural antibiotic selective against hyper-ammonia-producing bacteria
(HAB) and some cellulolytic and amylolytic bacteria [11,12]. The reduction of ammonia levels as a
result of less HAB in the rumen allows more amino acids to be absorbed and used by the ruminant,
while altered celluloytic and amylolytic bacteria can influence the production of volatile fatty acids for
energy. Therefore, the increase in blood flow and altered rumen fermentation may improve nutrient
delivery and utilization for host metabolic processes contributing to animal growth.

The objective of the present study is to evaluate the effect of isoflavone supplementation with tall
fescue seed consumption on beef steer’s rumen and serum metabolomes. Ruminal and circulating
metabolites may provide insights into altered bacterial and host metabolic functions that improve steer
performance on endophyte infected tall fescue with the administration of isoflavones.

2. Results

2.1. Global Rumen Fluid and Serum Metabolome Comparison

An orthogonal partial least squares discriminant analysis (O-PLS-DA) was used to depict the
relationship between the global rumen and serum metabolomes, which illustrated distinct separation
between the two metabolomes (Figure 1). A heatmap was also used to visualize the top 25 rumen fluid
and serum metabolites by individual steer (Figure 2). The heatmap supports that there is very little
similarity between the overall ruminal and circulating metabolites.

2.2. Rumen Fluid Metabolome

All identified rumen fluid metabolites are presented in Supplementary File 1 with means and
standard errors of the mean by treatment combination group. To visualize the effect between steers
of the E4+P+ and E-P— groups on the rumen fluid metabolome, a partial least squares discriminant
analysis (PLS-DA) was created and a significant distinct overlap among seed type was noted (Figure 3).
Correlation analyses were performed to analyze the correlation of individual rumen metabolites
with the treatment combination groups, and variable importance in the projection (VIP) scores were
generated to determine the metabolites that contributed to variation in rumen fluid metabolomes
among treatment combination groups. Xylose was negatively correlated with the treatments (r = —0.57)
and had one of the greatest impacts on metabolome differences among all treatments (p = 0.01) (Figure 4,
Table 1). Individual metabolite and metabolic pathway analyses were not significantly impacted by
the interaction of seed type and isoflavone treatments (p > 0.05).
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The rumen metabolome was analyzed by the main effects of seed type and isoflavone treatment.
In order to visualize the difference in rumen fluid metabolomes, an O-PLS-DA was generated for the
main effects of seed type (Figure 5A) and isoflavone treatment (Figure 5B). For seed type and isoflavone
treatment, partial separation was observed between endophyte-infected and endophyte-free seed
(Figure 5A). Additionally, partial separation was observed between steers receiving isoflavones and
those that did not receive isoflavones (Figure 5B). Correlation analysis indicated hypoxanthine was
negatively correlated (r = —0.56) and determined by VIP analysis to have a significant impact on the
rumen fluid metabolome differences between endophyte-infected and endophyte-free seed treatments
(p = 0.01; Figure 6A; Table 1). For isoflavone treatments, trehalose/sucrose was positively correlated
(r = 0.06), but had no impact on the rumen fluid metabolome differences (Figure 6B). Metabolites
that differed by seed type are presented in Table 1. Eleven metabolites differed significantly as a
result of endophyte-infected versus endophyte-free treatments (p < 0.05, Table 1). No individual
metabolite differences were observed in the rumen fluid as a result of isoflavone treatment. Metabolic
pathways that differed significantly by seed type or isoflavone treatment are presented in Table 2.
Twenty metabolic pathways were affected by seed type, but only two pathways were affected by
isoflavones (p < 0.05).

Scores Plot

A rumen
+ serum

Orthogonal T score [1] ( 1.6 %)

T T T I I
-10 -5 0 5 10

T score [1] ( 79.6 %)

Figure 1. Orthogonal partial least squares discriminant analysis (O-PLS-DA) visualizing separation of
rumen fluid (triangle) and serum (plus-sign) metabolomes. Ellipse represents a 95% confidence interval.
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Figure 2. Heatmap of top 25 metabolites of rumen fluid and serum metabolomes by individual steers.
Rumen fluid is represented by the red square at the top of the heatmap and serum metabolites are
represented by the green squares.

Table 1. Rumen fluid metabolites that significantly differed by seed type.

;
Metabolite Seed Type p Value ¢
E+ E-
Dihydroxybenzoate 590 x 107 £5.35 x 1068 8.43 x 107 + 6.26 x 1064 0.05
Adenine * 230x107 +1.13 x 1078 6.84 x 107 + 1.32 x 107 4 0.02
CMP * 9.17x10° £ 7.64 x 10°B  3.17 x 10° + 8.95 x 10°# 0.04
Deoxyuridine * 8.04x10° +2.71 x 10°B  1.74 x 10° + 3.18 x 10°A 0.02
Glutamate * 718 x 107 £2.17x 10’8 1.57 x 108 + 2.54 x 107 A 0.05
Guanosine * 3.00%x10° +1.44x10°8  8.63 x10° +1.69 x 10°4 0.05
Homoserine/threonine ~ 1.02 x 107 £ 8.90 x 10°B  6.65 x 10° + 7.60 x 10>~ 0.05
Hypoxanthine * 440 x 107 +1.66 x 1078 1.17 x 108 + 1.94 x 107 A 0.01
Uracil * 576 x 107 £ 1.19 x 1078 1.08 x 108 + 1.39 x 1074 0.02
Xanthine * 1.79 x 108 +4.34 x 107B  3.48 x 108 +5.09 x 107 A 0.01
Xylose * 3.63x 10° £ 1.05 x 10°B  8.69 x 10° + 1.23 x 1004 0.01

* Analysis based on ranked data; ¥ values are measured as mean + SEM of area under the peak; € significance
determined at p < 0.05 based on FDR-corrected p-values; “B within-row represent groupings based on Fisher’s LSD.
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Figure 3. Partial least squares discriminant analysis (PLS-DA) visualizing differences in rumen
fluid metabolomes between endophyte-free seed without isoflavones (triangle), endophyte-free
with isoflavones (plus-sign), endophyte-infected without isoflavones (multiplication-sign),
and endophyte-infected with isoflavones (diamond) treatment groups. Ellipse represents a 95%

confidence interval.

Table 2. Rumen fluid metabolic pathways impacted by seed type or isoflavone treatments.

Pathway FDR Impact p Value
Seed Type

Purine metabolism 2.73x 1074 0.338 6.89 x 1070
Arginine and proline metabolism 2.73 x 1074 0.075 1.07 x 1075
Pentose and glucuronate interconversions 342 x 1074 0 2.01x 107>
Beta-Alanine metabolism 3.69 x 1074 0 2.89 x 107
Pyrimidine metabolism 3.99 x 1074 0.494 5.92 x 1070
Pantothenate and CoA biosynthesis 3.99 x 1074 0.229 6.7 x 107°
Aminoacyl-tRNA biosynthesis 3.99 x 1074 0.2 7.81x 1075
Tyrosine metabolism 3.99 x 1074 0 7.83 x 107>
Novobiocin biosynthesis 399 x 1074 0 7.83 x 107>
Thiamine metabolism 3.99 x 1074 0 7.83 x 107>
Phenylalanine metabolism 7.94 x 1074 0.001 1.71 x 1074
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Table 2. Cont.

6 of 17

Pathway

FDR

Impact p Value

Phenylalanine, tyrosine, and tryptophan biosynthesis

Carbapenem biosynthesis
Butanoate metabolism
Porphyrin and chlorophyll metabolism

Pentose phosphate pathway
Amino sugar and nucleotide sugar metabolism
Glutathione metabolism
D-Glutamine and D-glutamate metabolism

Nitrogen metabolism

0.001
0.001
0.001
0.001
0.003
0.004
0.004
0.004
0.004

4.60 x 1074 2.78 x 1074
0 3.25x 1074
0 3.25x 1074
0 3.25 x 1074

0.07
0.109
0.014
0.172

0.001
0.001
0.002
0.002

0 0.002

Isoflavone Treatment

Methane metabolism
Sulfur metabolism

0.84824
0.84824

0.154 0.032
0 0.033
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Glutamate
Allantoin

Methionine o

Xanthine (o]
Allantoate (o}
Proline (8]
DErythrosedpho o
Cholate Q
Ribosephosphat o
Adenine o
CMP o]
Citrulline o
Deoxyinosine O
Ornithine ©
Tryptophan o]

High

Low

o
|
|
N
=
L
|
|
L]
o
=
L]
]
|
L]
]
]
L]
]
|
H
]
]
B
|

1.2 1.4 1.6

VIP scores

1.8

2.0

Figure 4. Variable importance in the projection (VIP) plot indicates xylose to have the greatest influence

on the differences in rumen fluid metabolomes between all treatment groups.
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Figure 5. Orthogonal partial least squares discriminant analyses (O-PLS-DA) visualizing differences
in rumen fluid metabolomes by seed type (A) and isoflavone (B) treatments. For seed type (A),
endophyte-free (E—) steers are represented by a triangle and endophyte-infected (E+) steers by a
plus-sign. For isoflavone treatments (B), steers receiving isoflavones (P+) are represented by a plus-sign

and without isoflavones (P—) by a triangle. Ellipse represents a 95% confidence interval.
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Figure 6. Variable importance in the projection (VIP) plots indicate hypoxanthine to have the

greatest influence on the differences in rumen fluid metabolomes between endophyte-free (E-) and

endophyte-infected (E+) seed treatment groups (A), and trehalose sucrose to have the greatest influence

between isoflavone treated (P+) and control (P—) groups (B).

2.3. Serum Metabolome

All identified serum metabolites are presented in Supplementary File 2 with means and standard

errors of the mean by treatment combination group. The serum metabolome was first analyzed by
treatment combination group, isoflavone X seed type. The PLS-DA analysis indicated significant
overlap among groups, with partial separation between the E+P+ and E-P- groups (Figure 7).
Correlation analyses were performed to determine the correlation of individual serum metabolites
with the treatment combination groups and VIP were generated to determine the metabolites that
contributed to variation in serum metabolomes among treatment combination groups. Pantothenate

30



Toxins 2020, 12, 744 8of 17

was negatively correlated with interaction of seed type X isoflavone treatments (r = —0.29) and had the
largest impact on metabolome differences, although not significant (p = 0.07; Figure 8).

Scores Plot

a E-P-
B = e
X E+P-
& E+P+

Component 2 ( 17.5 %)

-10
1

Component 1 ( 10.5 %)

Figure 7. Partial least squares discriminant analysis (PLS-DA) visualizing differences in serum
metabolomes between all treatment groups: endophyte-free seed without isoflavones (triangle),
endophyte-free with isoflavones (plus-sign), endophyte-infected without isoflavones (multiplication-sign),
and endophyte-infected with isoflavones (diamond). Ellipse represents a 95% confidence interval.

Similar to rumen fluid, no individual serum metabolites or metabolic pathways were affected
by the interaction of seed type and isoflavone treatment (p > 0.05). The serum metabolome was then
analyzed by the main effects of seed type or isoflavone treatment. In order to visualize the difference in
serum metabolomes, O-PLS-DA analyses were generated for seed type (Figure 9A) and isoflavone
treatment (Figure 9B). For seed type, partial separation was observed between E+ and E— seed groups
(Figure 9A). However, complete separation of serum metabolomes was illustrated between steers
receiving isoflavones and those that did not receive isoflavones (Figure 9B). Correlation analysis
indicated AMP was negatively correlated with seed treatment (r = —0.35) and determined by VIP
analysis to have the greatest impact on serum metabolome differences between E+ and E- steers
(p = 0.03; Figure 10A). Between isoflavone treatment groups, citrulline was positively correlated
(r = 0.47) and had the greatest impact on serum metabolome differences (p = 0.003; Figure 10B).
Seven metabolites differed significantly as a result of isoflavone treatment (p < 0.05, Table 3), while no
metabolites differed as a result of seed type (p > 0.05). Thirteen metabolic pathways differed (p < 0.05)
as a result of seed type including glyoxylate and dicarboxylate metabolism; arginine biosynthesis;
and alanine, aspartate, and glutamate metabolism (p < 0.01; Table 4). For isoflavone treatments,
eight metabolic pathways were affected (p < 0.05), including pyrimidine metabolism and arginine and
proline metabolism (p < 0.01; Table 4).
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Figure 9. Orthogonal partial least squares discriminant analyses (O-PLS-DA) visualizing differences in

serum metabolomes by seed type (A) and isoflavone (B) treatments. For seed type (A), endophyte-free

(E—) steers are represented by a triangle and endophyte-infected (E+) steers by a plus-sign. For isoflavone

treatments (B), steers receiving isoflavones (P+) are represented by a plus-sign and without isoflavones

(P-) by a triangle. Ellipse represents a 95% confidence interval.
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Figure 10. Variable importance in the projection (VIP) plot indicates AMP to have the greatest influence
on the differences in serum metabolomes between endophyte-free (E-) and endophyte-infected (E+)
seed treatment groups (A), and citrulline to have the greatest influence between isoflavone treated (P+)

and control (P-) groups (B).

Table 3. Individual serum metabolites that significantly differed by isoflavone treatment.

Isoflavone Treatment *
Metabolite p Value €
P+ P-

Histidine * 8.50 x 10° + 8.94 x 10° 1.05 x 107 + 9.37 x 10° 0.05
Cytidine * 1.51 x 10° +4.89 x 10°B 2,67 x 107 +5.12 x 10°4A 0.01
Pantothenate 6.64x10° +1.84 x 10°8  1.51 x 10”7 +1.93 x 1004 0.01
Homocysteine 147 x 100 +1.28 x 10°B 2,02 x 106 +1.35 x 10°A 0.02
Allantoin 1.94 x 108 +1.14 x 10’B 237 x 108 + 1.19 x 1074 0.03
GABA 9.68 x10° +1.40 x 10°B  1.41 x 10° + 1.44 x 10°4 0.05
Methylhistidine 8.35 x 10° + 6.25 x 10* 1.04 x 10° + 6.51 x 10* 0.05

* Analysis based on ranked data; ¥ values are measured as mean + SEM of area under the peak; € significance
determined at p < 0.05 based on FDR-corrected p-values; “B within-row represent groupings based on Fisher’s LSD.

Table 4. Serum metabolic pathways affected by seed type and isoflavone treatments.

Pathway FDR Impact p Value
Seed Type

Glyoxylate and dicarboxylate metabolism 0.013 0.11 0.005
Arginine biosynthesis 0.013 0.51 0.006
Alanine, aspartate, and glutamate metabolism 0.015 0.73 0.007
Cysteine and methionine metabolism 0.051 0.14 0.024
Glycine, serine, and threonine metabolism 0.054 0.16 0.029
Ubiquinone and other terpenoid-quinone biosynthesis 0.054 0 0.029
Aminobenzoate degradation 0.054 0 0.029
Vitamin B6 metabolism 0.069 0.05 0.039
Monobactam biosynthesis 0.069 0 0.041
Lysine biosynthesis 0.069 0 0.041
Nicotinate and nicotinamide metabolism 0.069 0.06 0.042
Tryptophan metabolism 0.07 0 0.044
Cyanoamino acid metabolism 0.076 0 0.05
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Table 4. Cont.

Pathway FDR Impact p Value
Isoflavone Treatment

Pyrimidine metabolism 0.151 0.37 0.007
Arginine and proline metabolism 0.151 0.19 0.008
D-glutamine and D-glutamate metabolism 0.151 0.17 0.013
Nitrogen metabolism 0.151 0 0.013
Arginine biosynthesis 0.151 0.51 0.015
Glutathione metabolism 0.173 0.01 0.02
Purine metabolism 0.209 0.09 0.029
Glyoxylate and dicarboxylate metabolism 0.269 0.13 0.045

3. Discussion

The overall reductions in animal performance due to fescue toxicosis are estimated to cost the
cattle industry over $2 billion annually [13,14]. Therefore, it is vital to discover management methods
to reduce the impact and improve the efficiency of beef production. The objective of the current study
was to use untargeted metabolomics to evaluate tall fescue seed and isoflavone consumption effects on
metabolic intermediates, outputs, and pathways in the rumen and serum.

The metabolomes of the rumen and circulatory environments were first compared, independent
of treatment groups, which observed distinctly unique metabolomes according to principal coordinate
and abundance analyses. Highly abundant metabolites in each environment were not shared or only
present in low abundances between the two environments. The metabolites identified between these
different body systems are likely a result of the specific physiological functions of each system in the
ruminant. The microbiome is a major contributor to rumen metabolome, as it supplies over 70% of
the ruminant’s required nutrients [15]. These microbes are highly metabolically active in order to
break down feedstuffs and release metabolites to complement host metabolism of which metabolites
originate from the plants and other feedstuffs consumed [16]. Therefore, the majority of metabolites
identified in the rumen are of xenobiotic origin. By evaluating the rumen metabolome, the effects of
tall fescue seed and isoflavone consumption on rumen microbial metabolic processes can be inferred.
The serum metabolites, however, are a result of absorbed metabolic products from the rumen and other
organs. Tissues throughout the body produce intermediary metabolites from protein, carbohydrate,
and lipid metabolism for energy production to perform physiological functions. These metabolites are
then absorbed into the blood and can travel through the circulatory system to other tissues for further
catabolic or anabolic processing. Therefore, the metabolome of the circulatory system is typically
dominated by endogenous metabolites. Because of this systemic nature, metabolites in blood have
been used as potential biomarkers to predict feed utilization [17] and production parameters [18],
as well as evaluate responses to disease [19,20] and stress [21]. Evaluating the serum metabolome
will determine the systemic metabolic response to tall fescue seed and isoflavone supplementation.
Together, the effects on individual metabolites and metabolic pathways in rumen fluid and serum
will determine how alterations in microbial and host metabolism contribute to symptoms of fescue
toxicosis or the benefits isoflavones may contribute to mitigate these detrimental impacts.

Reductions in average daily gain and delayed development of beef cattle are a major consequence
of fescue toxicosis [8,22]. The rumen microbiome is crucial for providing nutrients needed by the host
for energy requirements and muscle development. As the microbiome has previously been shown to
be affected by consuming endophyte infected tall fescue [12,23], the metabolites and other products
produced by the rumen microorganisms may be altered, potentially contributing to reductions in
growth and feed efficiency. The metabolites produced by the rumen microorganisms are a result of
the richness of the rumen microbiome. Several of these metabolites released may be related to the
consumption of ergot alkaloids concentrated on the endophyte infected tall fescue seed. Many of the
rumen metabolites have a relationship with purine, carbohydrate, and nucleic acid metabolism, such as
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hypoxanthine, xylose, and uracil, respectively [24,25]; these metabolites are related to feed efficiency
parameters. Clemmons et al. [26] found that these metabolites are bio-indicators of feed efficiency in
cattle showing low residual feed intake. Interestingly, they are negatively correlated to seed type in
the rumen fluid of the current study; it is evident that animals are being affected by the detrimental
symptoms of tall fescue toxicosis, failing to gain weight, and being less feed-efficient. Additionally,
we did not observe a large number of different metabolites because of the reduction of the rumen
microbiome. As a normal rumen environment, the significant presence of other metabolites, which are
crucial for the ergot alkaloids metabolism and production of volatile fatty acids, was expected and
improves feed efficiency and rumen microbial richness.

Vasoconstriction, induced by ergot alkaloids, occurs throughout the body, resulting in multiple
observed symptoms of fescue toxicosis [4,6]. Specifically, the contractility of the mesenteric vasculature
surrounding the digestive tract is affected by the consumption of ergot alkaloids, potentially affecting
nutrient absorption and subsequent host metabolism [5]. However, the consumption of isoflavones
promotes vasodilation to increase blood flow and mitigate fescue toxicosis effects [10]. Ideally,
oxygen and nutrient delivery to tissues is improved, thus benefiting host metabolism. Evaluating
serum metabolites during induced fescue toxicosis and treatment with isoflavones may indicate the
changes in metabolism systemically. The serum metabolome in the current study was greatly affected
by isoflavone treatments with complete separation of animals’ global serum metabolomes between
treatment groups; no metabolites differed as a result of seed type. Citrulline was identified as having
the greatest influence on serum metabolomes between isoflavone treatment groups. Citrulline is
an intermediary metabolite in the urea cycle, a metabolic process crucial for providing non-protein
nitrogen to the ruminant [27]. As isoflavones inhibit hyper-ammonia producing bacteria in the
rumen, this reduces the amount of protein degradation, leading to decreased ammonia and nitrogen
availability [11,28]. Multiple metabolic pathways related to the urea cycle such as arginine biosynthesis
and metabolism, pyrimidine metabolism, and nitrogen metabolism were affected in serum metabolites
by isoflavone treatments. Therefore, the effect of citrulline on the serum metabolome due to isoflavone
treatment may be a result of changes in the urea cycle by improving protein availability to the ruminant
for muscle development.

Pantothenate was considered to be a major contributor to differences observed in the global serum
metabolome among all treatment combinations, but was significantly higher in abundance in steers
receiving isoflavone treatment. Previous studies have indicated different levels of pantothenate in the
serum of animals differing in feed efficiency, with more feed efficient animals having greater serum levels
of pantothenate [17,26]. Pantothenate is a key intermediary metabolite for the formation of Coenzyme
A, which is crucial for amino acid and lipid metabolism for ruminant muscle development [29].
Additionally, the majority of metabolic pathways affected by isoflavone treatment in the current study
were related to amino acid metabolism and biosynthesis. As animals experiencing fescue toxicosis
often have low average daily gains [8], the use of isoflavone supplementation may mitigate the weight
gain and growth consequences of fescue toxicosis. The greater amount of available pantothenate
in the serum of animals consuming isoflavones, with changes in the urea cycling of the ruminant,
may improve growth and muscle development in steers affected by fescue toxicosis.

A classic symptom of fescue toxicosis is a significant reduction of prolactin secretion; this is due
to the similar homology of ergot alkaloids with the neurotransmitter dopamine. Ergot alkaloids will
act as an agonist by binding dopamine receptors, preventing the release of prolactin [3,30]. Tyrosine
is a precursor for the generation of the neurotransmitter dopamine [31]. The current study found
tyrosine metabolism to be affected by seed type in the rumen; tyrosine metabolic pathways are
influenced as the signals for dopamine production are reduced during fescue toxicosis. Additionally,
the study found tryptophan metabolism was affected by seed type in the serum. Tryptophan is
a key amino acid in regulating protein synthesis, specifically in muscle development, of multiple
species [32,33]. The effects of tryptophan on muscle development are through the IGF-1 pathway [33].
Tryptophan is a precursor to the neurotransmitter serotonin, which stimulates the production of
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IGF-1 [34]. Supplementation of rumen protected tryptophan improved weight gain and feed efficiency
of ruminants [35,36]. The observed impact of seed type on tryptophan metabolism in the serum may
indicate reduced production of serotonin and subsequent IGF-1 signaling for muscle development.
Together, the impacts of fescue toxicosis on tyrosine and tryptophan metabolism were also observed
previously in the plasma of steers consuming endophyte-infected or endophyte-free seed [37,38].
Therefore, tall fescue seed consumption alters neurotransmitter development, leading to commonly
observed symptoms of fescue toxicosis.

4. Conclusions

In conclusion, the rumen metabolome was largely impacted by seed type, while the serum
metabolome was influenced by isoflavone supplementation. In the rumen, the impact of the seed type
involved carbohydrate and nucleic acids metabolism products of the fescue seed diet inclusion. In the
serum, differences in global metabolomes and individual metabolites involved in urea cycling and
amino acid metabolic pathways were identified in animals receiving isoflavones and those that did not.
Although the low dose of isoflavones administered to cattle indicated effects on the serum and rumen
metabolome, further research is needed to determine the effects at other doses. Future applications
may lead to the dietary inclusion of isoflavones to reduce the harmful effects of tall fescue toxicosis.

5. Materials and Methods

All experimental procedures involving animals were approved by the University of Tennessee
Institutional Animal Care and Use Committee. The ethic approval code (IACUC) was 2540-0617 and
was approved on 20 June 2017.

5.1. Experimental Design and Sample Collection

Experimental design, animal treatments, and sample collection methods have been previously
described in Melchior et al. [12]. Briefly, this study used 36 purebred Angus steers of approximately
eight months of age weighing 250 + 20 kg from Ames Plantation in Grand Junction, TN. Steers were
transported to the Plateau Research and Education Center (PREC) in Crossville, TN for the trial,
as previously described [12]. Steers were allowed a 10 d acclimation period to the diet formulated to
provide 11.57% crude protein and 76.93% total digestible nutrients (DM basis). The GrowSafe System©
(GrowSafe Systems Ltd., Calgary, AB, Canada) was used to monitor feed intake. Prior to the beginning
of the trial, steers were genotyped for the DRD2 receptor gene, which can influence cattle’s response to
fescue toxicity [12]. Using this information, the study was blocked on DRD2 genotype, implementing a
randomized complete block design. A 2 x 2 factorial arrangement of treatments was utilized with two
types of tall fescue including endophyte-infected (E+) and endophyte-free fescue (E-), and treatment
with Promensil© (P+) or without (P-) to provide red clover isoflavones. This combination of
treatments resulted in four treatment groups: (1) endophyte-infected seed without Promensil (E+P-),
(2) endophyte-infected with Promensil (E+P+), (3) endophyte-free without Promensil (E-P-), and (4)
endophyte-free with Promensil (E~P+). Within each genotype block, steers were randomly assigned
to treatments with nine steers per treatment group. The feed trial occurred over 21 days. In order
to provide a consistent amount of ergot alkaloids, endophyte-infected tall fescue seed heads were
incorporated into feed to provide a minimum of 0.011 mg ergovaline plus ergovalinine X kg of body
weight™! (BW) per day [3]. Seed heads were ground through a 5 mm screen using a Wiley Mill
(Thomas Scientific, Swedesboro, NJ, USA) and included in feed. A total of 943 mg of isoflavones was
provided daily before morning feeding based on previously established dosages [10] using a28.4 g
bolus (Torpac, Inc., Fairfield, NJ, USA) to provide 24.7 g of Promensil. Melchior et al. [12] previously
reported the analysis and information of the components present in Promensil, and steers’ response to
endophyte-infected seed and altered performance parameters. On the final day of the trial (day 21),
approximately 9 mL of blood was collected from the coccygeal vein using a serum separator tube
(Corvac, Sherwood Medical., St. Louis, MO, USA), and approximately 100 mL of rumen content
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was collected via oro-gastric lavage. Blood samples were centrifuged at 2000x g and 4 °C for 20
min, and serum was transferred to 2 mL microvials and stored at —80 °C until metabolite extractions.
Rumen samples were centrifuged at 6000x g at 4 °C for 20 min. The supernatant was aspirated and
filtered through a 0.22 um syringe filter, transferred to 2 mL microvials, and stored at —80 °C until
metabolite extraction.

5.2. Metabolite Extraction and Identification

Metabolites were extracted and analyzed as previously described [17] at the UTK Biological
and Small Molecule Mass Spectrometry Core (BSMMSC). Briefly, 50 uL of filtered rumen fluid and
50 pL of serum from each steer were extracted using 0.1% formic acid in acetonitrile/water/methanol
(2:2:1) using a previously described method [39]. Mobile phases consisted of A: 97:3 water/methanol
with 11 mM tributylamine and 15 mM acetic acid and B: methanol, and a gradient consisting of the
following: 0.0 min, 0% B; 2.5 min 0% B; 5.0 min, 20% B; 7.5 min, 20% B; 13 min, 55% B; 15.5 min, 95% B;
18.5 min, 95% B; 19 min, 0% B; and 25 min, 0% B; Synergy Hydro-RP column (100 X 2 mm, 2.5 um
particle size) was used to separate metabolites. The flow rate was set to a constant 200 uL/min and
the column temperature was kept at 25 °C. A Dionex UltiMate 3000 UPLC system (Thermo Fisher
Scientific, Waltham, MA) with an autosampler tray maintained at 4 °C was used to introduce a 10 pL
sample to an Exactive Plus Orbitrap MS (Thermo Fisher Scientific, Waltham, MA, USA) using negative
electrospray ionization (ESI) with a capillary temperature of 300 °C; spray voltage of 3 kV; and nitrogen
sheath and sweep gas at 25 and 3 units, respectively. Data acquisition was done in negative ion mode
with a full-scan covering the range of 72-1000 m/z at 140,000 resolution with automatic gain control
of 3 x 10° ions [40]. Metabolites are annotated using exact mass of the [M—H]- (+5 pmm) ion and
known retention times (+0.3 min) generated from an in-house curated database. The database was
created from the analysis of authentic standards and consisted of 300 compounds across various
metabolic pathways, focusing on water soluble metabolites in pathways conserved among a diverse
array of organisms.

5.3. Metabolite Identification

Data were analyzed similarly to those of Clemmons et al. [17]. The Xcalibur MS software
(Thermo Electron Corp., Waltham, MA) was used to produce raw files, which were then converted to
mzML format using ProteoWizard [41]. The software package Metabolomic Analysis and Visualization
Engine for LC-MS Data (MAVEN) [42] was used to identify peaks using converted mzML files.
MAVEN identifies metabolites based on non-linear retention time correction and calculates peak areas
across samples, using a preliminary mass error of +20 ppm and a retention time window of 5 min.
The UTK BSMMSC used a library of 263 retention time-accurate m/z pairs taken from MS1 spectra
for final metabolite annotations. These are based on expansions of previous work [40] and have been
replicated at the UTK BSMMSC. The eluted peak of the annotated metabolite had to be found within
2 min of the expected retention time, and the metabolite mass had to be within +5 ppm of the expected
value to be identified as a known compound. The compound area of each peak was calculated using
the Quan Browser function of the Xcalibur MS Software (Thermo Electron Corp., Waltham, MA, USA).

5.4. Data Analysis

Metabolomic data were analyzed using MetaboAnalyst 4.0 [43] and SAS 9.4 (SAS Institute, Cary,
NC, USA). For data analysis in MetaboAnalyst, data were first pre-processed. Metabolite data were
filtered using interquartile range, normalized by median, log transformed, and auto scaled prior to
analysis in MetaboAnalyst 4.0. First, the rumen and serum metabolomes were collectively compared
in order to determine similarity of rumen fluid and serum metabolomes for possible overlap or
comparison. The rumen and serum metabolomes were visualized using orthogonal partial least
squares discriminant analysis (O-PLS-DA) and partial least squares discriminant analysis (PLS-DA)
with 2000 permutations. Model fitting for the O-PLS-DA was assessed using R2Y with prediction
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power determined using the Q2 metric. A heatmap was generated with the top 25 metabolites
to illustrate differences in serum and rumen fluid metabolomes by steer. Next, rumen fluid and
serum metabolomes were analyzed separately by treatment combination (i.e., isoflavone X seed type),
isoflavone, and seed type. Within each of these, data were visualized via PCA and O-PLS-DA with
2000 permutations, and metabolomes by individual steers were illustrated using heatmaps. Correlation
analyses between the top 25 metabolites and treatment groups or combinations were performed for
both rumen fluid and serum metabolomes, as well as variable importance in projections (VIP) of the
top 25 metabolites. Finally, pathway analyses were performed to determine metabolic pathways that
were significantly impacted in rumen fluid and serum by isoflavone or seed type using a global test
with relative-betweenness centrality and a reference pathway of Escherichia coli K-12 MG1655 [44].

Raw data were further analyzed in SAS 9.4 (SAS Institute, Cary, NC, USA), First, data were
analyzed for normality using the UNIVARIATE procedure, and were considered normal with a
Shapiro-Wilk statistic of >0.90 and visual observation of histograms and g-q plots. Data that were
normally distributed were analyzed with a mixed model analysis of variance (ANOVA) using the
GLIMMIX procedure with fixed effects of seed type, isoflavone treatment, and their interaction with
the random effect of genotype X isoflavone X seed type. Metabolites that did not follow a normal
distribution were fixed ranked and then analyzed using a mixed model ANOVA using the GLIMMIX
procedure with fixed effects of seed type, isoflavone treatment, and their interaction with random effect
of genotype X isoflavone X seed type.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/12/744/s1,
Supplementary File 1: Means and standard error of the means of all metabolites in the rumen fluid between
treatment groups; Supplementary File 2: Means and standard error of the means of all metabolites in the serum
between treatment groups.
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TOBACCO RESEARCH INCOME
INCOME COMPARISON

Fiscal Years 2014-2015 2015-2016 2016-2017 2017-2018 2018-2019 2019-2020 2020-2021

July $ 13,386.52| $ 139,619.47|$ 157,187.49| $ 2,459.48|$ 120,890.40|$ 141,864.01|$ 136,565.92
August $ 301,29271|$ 177916.68|$ 137,652.03|$ 292,266.42|$ 126,982.37|$ 145789.42| $ 11,873.82
September $ 133,527.76| $ 47,768.58 | $ 42,873.59|$ 139,414.92|$ 178,553.92|$ 132,169.60| $ 261,157.23
1st QUARTER $ 448,206.99|$ 365,304.73|$ 337,713.11 | $  434,140.82 | $ 426,426.69|$ 419,823.03| $  409,596.97
October $ 166,587.97|$ 255,006.22|$ 157,12053|$ 126,862.91| $ 97,793.841$ 150,849.00| $ 141,682.93
November $ 74,462.421$ 127,49552|$ 251,055.77|$ 123,267.74|$ 128,963.50|$ 117,280.34|$ 135,157.14
December $ 190,289.541 % 26,196.02|$ 113,251.82|$ 135314.04|$ 175277.00]$ 151,323.23|$ 159,616.92
2nd QUARTER $ 431,339.93]|$ 408,697.76 | $ 521,428.12|$ 385444.69|$ 402,034.34|$ 419,452.57|$  436,456.99
SIX MONTHS $ 879,546.92|$ 774,002.49|$ 859,141.23|$ 819,585.51|$ 828,461.03|$ 839,275.60| $ 846,053.96
January $ 44,597.62|$ 264,62253|$ 109,584.57|$ 127,719.90| $ 564,217.88|$ 120,247.87| $ 93,056.96
February $ 212,408.73| $ 10,472.72|$ 155,644.33|$ 114,047.53|$ 141,11846|$ 114,095.14|$ 125,797.09
March $ 133,593.90]$ 255,769.54|$ 159,012.56 | $ 159,645.83|$ 122,472.86|$ 403,962.17| $  143,903.75
3rd QUARTER $ 390,600.25]$% 530,864.79|$ 424,241.46|$ 401,413.26|$ 827,809.20| $ 638,305.18| $ 362,757.80
NINE MONTHS $ 1,270,147.17]|$ 1,304,867.28 | $ 1,283,382.69| $ 1,220,998.77| $ 1,656,270.23 | $ 1,477,580.78 | $ 1,208,811.76
April $ 165299421 % 20,461.50 | $ 43,764.59 | $ 65,036.15| $ 146,789.57 | $ 117,862.64 | $  144,970.47
May $ 183,052.97|$ 144,713.80|$ 174,933.87|$ 209,087.27| $ 63,797.02|$ 141,525.18| $ 100,238.76
June $ 137,563.73]$ 288,160.23|$ 242,003.23|$ 168,621.20|$ 250,352.13|$ 138,849.18| $ 211,130.06
4th QUARTER $ 485,916.12]|$ 453,33553|$ 460,701.69|$ 442,744.62|$ 460,938.72|$ 398,237.00| $  456,339.29
TOTAL INCOME $ 1,756,063.29] $ 1,758,202.81 | $ 1,744,084.38| $ 1,663,743.39| $ 2,117,208.95| $ 1,875,817.78| $ 1,665,151.05
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Funds Center

Commitment ltem

Annual (Revised) Budget

Prior Balance

Current Month Actual

YTD Actual

Available Budget

1235410080 |HOLDING ACCOUNT All Budget Commitmen $(2,360,000.00)| $(1,454,020.99) $(211,130.06) $(1,665,151.05) $(694,848.95)
1235410080 |HOLDING ACCOUNT All Revenue Commitme $(2,360,000.00)| $(1,454,020.99) $(211,130.06) $(1,665,151.05) $(694,848.95)
1235410080 |HOLDING ACCOUNT TTL Revenue Excl Tra $(2,360,000.00)( $(1,454,020.99) $(211,130.06) $(1,665,151.05) $(694,848.95)
1235410080 |HOLDING ACCOUNT State/Local Grants a $(1,900,000.00)| $(1,454,020.99) $(211,130.06) $(1,665,151.05) $(234,848.95)
1235410080 [HOLDING ACCOUNT Fund Balance $(460,000.00) $(460,000.00)
1235410090 (KENTUCKY TOBACCO RES All Budget Commitmen $1,000.00 $1,000.00
1235410090 |[KENTUCKY TOBACCO RES All Expenses Commitm $1,000.00 $1,000.00
1235410090 [KENTUCKY TOBACCO RES TTL Expense Excl Tra $1,000.00 $1,000.00
1235410090 |KENTUCKY TOBACCO RES Operating Expense $1,000.00 $1,000.00
1235410100 [ADMINISTRATION All Budget Commitmen $260,000.00 $166,338.57 $15,620.33 $181,958.90 $77,905.32
1235410100 [ADMINISTRATION All Expenses Commitm $260,000.00 $166,338.57 $15,620.33 $181,958.90 $77,905.32
1235410100 [ADMINISTRATION TTL Expense Excl Tra $260,000.00 $166,338.57 $15,620.33 $181,958.90 $77,905.32
1235410100 [ADMINISTRATION Faculty $73,562.88 $6,687.52 $80,250.40 $(80,250.40)
1235410100 [ADMINISTRATION Staff $40,937.88 $5,128.73 $46,066.61 $(46,066.61)
1235410100 |ADMINISTRATION Other Personnel $- $76.49 $76.49 $(76.49)
1235410100 |[ADMINISTRATION Fringe Benefits $28,371.42 $3,134.28 $31,505.70 $(31,505.70)
1235410100 [ADMINISTRATION Operating Expense $260,000.00 $23,389.90 $669.80 $24,059.70 $235,804.52
1235410110 |KTRDC PERSONNEL All Budget Commitmen $1,046,700.00 $921,613.92 $92,230.15 $1,013,844.07 $32,855.93
1235410110 [KTRDC PERSONNEL All Expenses Commitm $1,046,700.00 $921,613.92 $92,230.15 $1,013,844.07 $32,855.93
1235410110 |KTRDC PERSONNEL TTL Expense Excl Tra $1,046,700.00 $921,613.92 $92,230.15 $1,013,844.07 $32,855.93
1235410110 |KTRDC PERSONNEL Staff $569,100.71 $59,487.32 $628,588.03 $(628,588.03)
1235410110 [KTRDC PERSONNEL Other Personnel $141,552.88 $19,307.53 $160,860.41 $(160,860.41)
1235410110 [(KTRDC PERSONNEL Fringe Benefits $183,611.67 $21,300.54 $204,912.21 $(204,912.21)
1235410110 |KTRDC PERSONNEL Operating Expense $1,046,700.00 $27,348.66 $(7,865.24) $19,483.42 | $1,027,216.58
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Funds Center Commitment Item| Annual (Revised) Budget Prior Balance| Current Month Actual YTD Actual| Available Budget
1235410120 |PUBLICATIONS & TRAVE All Budget Commitmen $35,000.00 $10,508.22 $3,835.33 $14,343.55 $20,656.45
1235410120 |[PUBLICATIONS & TRAVE All Expenses Commitm $35,000.00 $10,508.22 $3,835.33 $14,343.55 $20,656.45
1235410120 |PUBLICATIONS & TRAVE TTL Expense Excl Tra $35,000.00 $10,508.22 $3,835.33 $14,343.55 $20,656.45
1235410120 |PUBLICATIONS & TRAVE Operating Expense $35,000.00 $10,508.22 $3,835.33 $14,343.55 $20,656.45
1235410130 |(BUILDING MAINTENANCE All Budget Commitmen $116,000.00 $46,093.82 $23,996.08 $70,089.90 $45,910.10
1235410130 |BUILDING MAINTENANCE  [All Expenses Commitm $116,000.00 $46,093.82 $23,996.08 $70,089.90 $45,910.10
1235410130 |(BUILDING MAINTENANCE  |TTLExpense Excl Tra $116,000.00 $46,093.82 $23,996.08 $70,089.90 $45,910.10
1235410130 |BUILDING MAINTENANCE |Operating Expense $116,000.00 $46,093.82 $23,996.08 $70,089.90 $45,910.10
1235410180 |SHOP All Budget Commitmen $2,000.00 $1,230.01 $41.66 $1,271.67 $521.99
1235410180 |SHOP All Expenses Commitm $2,000.00 $1,230.01 $41.66 $1,271.67 $521.99
1235410180 [SHOP TTL Expense Excl Tra $2,000.00 $1,230.01 $41.66 $1,271.67 $521.99
1235410180 |SHOP Operating Expense $2,000.00 $1,230.01 $41.66 $1,271.67 $521.99
1235410240 |[LABORATORY EQUIPMENT [AllBudget Commitmen $270,300.00 $671,595.05 $8,509.40 $680,104.45 $(409,804.45)
1235410240 |LABORATORY EQUIPMENT |AllRevenue Commitme $6,300.00 $6,300.00 $(6,300.00)
1235410240 |(LABORATORY EQUIPMENT |Revenue Transfers $6,300.00 $6,300.00 $(6,300.00)
1235410240 |LABORATORY EQUIPMENT |Trans-ID-Equip sales $6,300.00 $6,300.00 $(6,300.00)
1235410240 |LABORATORY EQUIPMENT |AllExpenses Commitm $270,300.00 $665,295.05 $8,509.40 $673,804.45 $(403,504.45)
1235410240 (LABORATORY EQUIPMENT |TTLExpense Excl Tra $270,300.00 $665,295.05 $8,509.40 $673,804.45 $(403,504.45)
1235410240 |LABORATORY EQUIPMENT |Operating Expense $270,300.00 $184,766.75 $75.90 $184,842.65 $85,457.35
1235410240 |LABORATORY EQUIPMENT |Capital Outlay $480,528.30 $8,433.50 $488,961.80 $(488,961.80)
1235410250 |(UNALLOCATED RESERVE All Budget Commitmen $28.00 $28.00
1235410250 |UNALLOCATED RESERVE All Expenses Commitm $28.00 $28.00
1235410250 |(UNALLOCATED RESERVE TTL Expense Excl Tra $28.00 $28.00
1235410250 |UNALLOCATED RESERVE Operating Expense $28.00 $28.00
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Funds Center Commitment Item| Annual (Revised) Budget Prior Balance| Current Month Actual YTD Actual| Available Budget
1235410280 |GENERAL LABORATORY All Budget Commitmen $125,000.00 $50,942.72 $4,235.56 $55,178.28 $69,787.48
1235410280 |GENERAL LABORATORY All Expenses Commitm $125,000.00 $50,942.72 $4,235.56 $55,178.28 $69,787.48
1235410280 |GENERAL LABORATORY TTL Expense Excl Tra $125,000.00 $50,942.72 $4,235.56 $55,178.28 $69,787.48
1235410280 |GENERAL LABORATORY Operating Expense $125,000.00 $50,942.72 $4,235.56 $55,178.28 $69,787.48
1235411040 |DISCRETIONARY All Budget Commitmen $10,000.00 $1,594.78 $139.69 $1,734.47 $8,265.53
1235411040 |[DISCRETIONARY All Expenses Commitm $10,000.00 $1,594.78 $139.69 $1,734.47 $8,265.53
1235411040 |DISCRETIONARY TTL Expense Excl Tra $10,000.00 $1,594.78 $139.69 $1,734.47 $8,265.53
1235411040 |DISCRETIONARY Operating Expense $10,000.00 $1,594.78 $139.69 $1,734.47 $8,265.53
1235411310 |OUTREACH & COMMUNICA |All Budget Commitmen $30,000.00 $40,014.52 $(3,178.61) $36,835.91 $(7,490.59)
1235411310 |OUTREACH & COMMUNICA |All Expenses Commitm $30,000.00 $40,014.52 $(3,178.61) $36,835.91 $(7,490.59)
1235411310 |(OUTREACH & COMMUNICA |TTL Expense Excl Tra $30,000.00 $40,014.52 $(3,178.61) $36,835.91 $(7,490.59)
1235411310 |OUTREACH & COMMUNICA |Other Personnel $9,730.60 $530.76 $10,261.36 $(10,261.36)
1235411310 |OUTREACH & COMMUNICA |Fringe Benefits $1,949.04 $46.49 $1,995.53 $(1,995.53)
1235411310 |OUTREACH & COMMUNICA |Operating Expense $30,000.00 $28,334.88 $(3,755.86) $24,579.02 $4,766.30
1235411320 |PLANT GENETIC ENGR All Budget Commitmen $30,000.00 $29,982.99 $29,982.99 $17.01
1235411320 |PLANT GENETIC ENGR All Expenses Commitm $30,000.00 $29,982.99 $29,982.99 $17.01
1235411320 |PLANT GENETIC ENGR TTL Expense Excl Tra $30,000.00 $29,982.99 $29,982.99 $17.01
1235411320 |PLANT GENETIC ENGR Staff $15,694.88 $15,694.88 $(15,694.88)
1235411320 |PLANT GENETIC ENGR Other Personnel $3,421.13 $3,421.13 $(3,421.13)
1235411320 |PLANT GENETIC ENGR Fringe Benefits $8,362.38 $8,362.38 $(8,362.38)
1235411320 |PLANT GENETIC ENGR Operating Expense $30,000.00 $2,504.60 $2,504.60 $27,495.40
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1235411340 |GENETIC MANIPULATION  |All Budget Commitmen $30,000.00 $30,003.75 $30,003.75 $(3.75)
1235411340 |GENETIC MANIPULATION Al Expenses Commitm $30,000.00 $30,003.75 $30,003.75 $(3.75)
1235411340 |GENETIC MANIPULATION  (TTL Expense Excl Tra $30,000.00 $30,003.75 $30,003.75 $(3.75)
1235411340 |GENETIC MANIPULATION Staff $22,048.33 $22,048.33 $(22,048.33)
1235411340 |GENETIC MANIPULATION Fringe Benefits $5,357.53 $5,357.53 $(5,357.53)
1235411340 |GENETIC MANIPULATION |Operating Expense $30,000.00 $2,597.89 $2,597.89 $27,402.11
1235411370 |PLANT BIOTECH MOLECU  |All Budget Commitmen $30,000.00 $17,902.59 $2,245.29 $20,147.88 $(2,897.62)
1235411370 |PLANT BIOTECH MOLECU  |AllExpenses Commitm $30,000.00 $17,902.59 $2,245.29 $20,147.88 $(2,897.62)
1235411370 |PLANT BIOTECH MOLECU  TTL Expense Excl Tra $30,000.00 $17,902.59 $2,245.29 $20,147.88 $(2,897.62)
1235411370 |PLANT BIOTECH MOLECU  |Operating Expense $30,000.00 $17,902.59 $2,245.29 $20,147.88 $(2,897.62)
1235411380 |MOLECULAR GENETICS All Budget Commitmen $30,000.00 $9,421.40 $1,515.60 $10,937.00 $19,063.00
1235411380 |MOLECULAR GENETICS All Expenses Commitm $30,000.00 $9,421.40 $1,515.60 $10,937.00 $19,063.00
1235411380 |MOLECULAR GENETICS TTL Expense Excl Tra $30,000.00 $9,421.40 $1,515.60 $10,937.00 $19,063.00
1235411380 |MOLECULAR GENETICS Operating Expense $30,000.00 $9,421.40 $1,515.60 $10,937.00 $19,063.00
1235411390 |METABOLIC ENGR. All Budget Commitmen $30,000.00 $315.33 $315.33 $29,463.55
1235411390 |(METABOLIC ENGR. All Expenses Commitm $30,000.00 $315.33 $315.33 $29,463.55
1235411390 |(METABOLIC ENGR. TTL Expense Excl Tra $30,000.00 $315.33 $315.33 $29,463.55
1235411390 |METABOLIC ENGR. Operating Expense $30,000.00 $315.33 $315.33 $29,463.55
1235411410 |GREENHOUSE All Budget Commitmen $30,000.00 $15,822.82 $11,952.44 $27,775.26 $2,207.77
1235411410 |GREENHOUSE All Expenses Commitm $30,000.00 $15,822.82 $11,952.44 $27,775.26 $2,207.77
1235411410 |GREENHOUSE TTL Expense Excl Tra $30,000.00 $15,822.82 $11,952.44 $27,775.26 $2,207.77
1235411410 |GREENHOUSE Other Personnel $726.44 $726.44 $(726.44)
1235411410 |GREENHOUSE Fringe Benefits $51.35 $51.35 $(51.35)
1235411410 |GREENHOUSE Operating Expense $30,000.00 $15,045.03 $11,952.44 $26,997.47 $2,985.56
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1235411430 |PLANT ANALYTIC All Budget Commitmen $30,000.00 $399.52 $22,017.11 $22,416.63 $7,583.37
1235411430 |PLANT ANALYTIC All Expenses Commitm $30,000.00 $399.52 $22,017.11 $22,416.63 $7,583.37
1235411430 |PLANT ANALYTIC TTL Expense Excl Tra $30,000.00 $399.52 $22,017.11 $22,416.63 $7,583.37
1235411430 |PLANT ANALYTIC Operating Expense $30,000.00 $399.52 $22,017.11 $22,416.63 $7,583.37
1235411640 |GENE DISCOVERY All Budget Commitmen $30,000.00 $27,578.95 $2,032.82 $29,611.77 $388.23
1235411640 |GENE DISCOVERY All Expenses Commitm $30,000.00 $27,578.95 $2,032.82 $29,611.77 $388.23
1235411640 |GENE DISCOVERY TTL Expense Excl Tra $30,000.00 $27,578.95 $2,032.82 $29,611.77 $388.23
1235411640 |GENE DISCOVERY Staff $16,142.94 $1,467.54 $17,610.48 $(17,610.48)
1235411640 |GENE DISCOVERY Fringe Benefits $5,088.69 $462.61 $5,551.30 $(5,551.30)
1235411640 |GENE DISCOVERY Operating Expense $30,000.00 $6,347.32 $102.67 $6,449.99 $23,550.01
1235411750 |(REFERENCE CIGARETTES All Budget Commitmen $72,730.00 $72,730.00 $(72,730.00)
1235411750 [REFERENCE CIGARETTES All Expenses Commitm $72,730.00 $72,730.00 $(72,730.00)
1235411750 |(REFERENCE CIGARETTES TTL Expense Excl Tra $72,730.00 $72,730.00 $(72,730.00)
1235411750 |REFERENCE CIGARETTES Operating Expense $72,730.00 $72,730.00 $(72,730.00)
1235412240 |GREENHOUSE EVALUATIO  |AllBudget Commitmen $8,547.00 $8,708.97 $84.12 $8,793.09 $(246.09)
1235412240 |GREENHOUSE EVALUATIO  [AllExpenses Commitm $8,547.00 $8,708.97 $84.12 $8,793.09 $(246.09)
1235412240 |GREENHOUSE EVALUATIO  [TTL Expense Excl Tra $8,547.00 $8,708.97 $84.12 $8,793.09 $(246.09)
1235412240 |GREENHOUSE EVALUATIO  |Other Personnel $2,977.80 $2,977.80 $(2,977.80)
1235412240 |GREENHOUSE EVALUATIO Fringe Benefits $206.82 $206.82 $(206.82)
1235412240 |GREENHOUSE EVALUATIO |Operating Expense $8,547.00 $5,524.35 $84.12 $5,608.47 $2,938.53
1235412360 |FLAVONOID - SMALLE All Budget Commitmen $30,000.00 $23,424.86 $3,124.17 $26,549.03 $2,265.67
1235412360 |FLAVONOID - SMALLE All Expenses Commitm $30,000.00 $23,424.86 $3,124.17 $26,549.03 $2,265.67
1235412360 |FLAVONOID - SMALLE TTL Expense Excl Tra $30,000.00 $23,424.86 $3,124.17 $26,549.03 $2,265.67
1235412360 |FLAVONOID - SMALLE Staff $9,755.20 $1,219.40 $10,974.60 $(10,974.60)
1235412360 |FLAVONOID - SMALLE Fringe Benefits $2,527.84 $315.98 $2,843.82 $(2,843.82)
1235412360 |FLAVONOID - SMALLE Operating Expense $30,000.00 $11,141.82 $1,588.79 $12,730.61 $16,084.09
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1235412690 |SMOKELESS TOBACCO All Budget Commitmen $37,069.00 $17,943.18 $2,417.06 $20,360.24 $16,708.76
1235412690 |SMOKELESS TOBACCO All Expenses Commitm $37,069.00 $17,943.18 $2,417.06 $20,360.24 $16,708.76
1235412690 |SMOKELESS TOBACCO TTL Expense Excl Tra $37,069.00 $17,943.18 $2,417.06 $20,360.24 $16,708.76
1235412690 |SMOKELESS TOBACCO Operating Expense $37,069.00 $17,943.18 $2,417.06 $20,360.24 $16,708.76
1235412790 |JI: PURIFICATION OF All Budget Commitmen $41,672.00 $22,158.54 $2,921.04 $25,079.58 $16,119.85
1235412790 |JI: PURIFICATION OF All Expenses Commitm $41,672.00 $22,158.54 $2,921.04 $25,079.58 $16,119.85
1235412790 |JI: PURIFICATION OF TTL Expense Excl Tra $41,672.00 $22,158.54 $2,921.04 $25,079.58 $16,119.85
1235412790 |JI: PURIFICATION OF Operating Expense $41,672.00 $22,158.54 $2,921.04 $25,079.58 $16,119.85
1235412820 |FISHER: FARMER BALES All Budget Commitmen $13,500.00 $13,501.08 $0.70 $13,501.78 $(1.78)
1235412820 |FISHER: FARMER BALES All Expenses Commitm $13,500.00 $13,501.08 $0.70 $13,501.78 $(1.78)
1235412820 |FISHER: FARMER BALES TTL Expense Excl Tra $13,500.00 $13,501.08 $0.70 $13,501.78 $(1.78)
1235412820 |FISHER: FARMER BALES Staff $6,241.77 $6,241.77 $(6,241.77)
1235412820 |FISHER: FARMER BALES Other Personnel $3,355.44 $3,355.44 $(3,355.44)
1235412820 |FISHER: FARMER BALES Fringe Benefits $3,298.68 $3,298.68 $(3,298.68)
1235412820 |FISHER: FARMER BALES Operating Expense $13,500.00 $605.19 $0.70 $605.89 $12,894.11
1235412840 |[MARTINEZ: GREENHOUSE All Budget Commitmen $5,000.00 $4,347.10 $308.18 $4,655.28 $344.72
1235412840 |(MARTINEZ: GREENHOUSE All Expenses Commitm $5,000.00 $4,347.10 $308.18 $4,655.28 $344.72
1235412840 |MARTINEZ: GREENHOUSE |[TTL Expense Excl Tra $5,000.00 $4,347.10 $308.18 $4,655.28 $344.72
1235412840 |MARTINEZ: GREENHOUSE |Operating Expense $5,000.00 $4,347.10 $308.18 $4,655.28 $344.72
1235412940 |ZAITLIN: INDUCE EARL All Budget Commitmen $20,502.00 $18,117.96 $1,858.52 $19,976.48 $525.52
1235412940 |ZAITLIN: INDUCE EARL All Expenses Commitm $20,502.00 $18,117.96 $1,858.52 $19,976.48 $525.52
1235412940 |ZAITLIN: INDUCE EARL TTL Expense Excl Tra $20,502.00 $18,117.96 $1,858.52 $19,976.48 $525.52
1235412940 |ZAITLIN: INDUCE EARL Staff $3,841.92 $213.43 $4,055.35 $(4,055.35)
1235412940 |(ZAITLIN: INDUCE EARL Fringe Benefits $1,202.38 $66.80 $1,269.18 $(1,269.18)
1235412940 |(ZAITLIN: INDUCE EARL Operating Expense $20,502.00 $13,073.66 $1,578.29 $14,651.95 $5,850.05
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1235412950 |(BAILEY: BURNDOWN All Budget Commitmen $6,000.00 $5,376.81 $617.59 $5,994.40 $5.60
1235412950 |[BAILEY: BURNDOWN All Expenses Commitm $6,000.00 $5,376.81 $617.59 $5,994.40 $5.60
1235412950 |(BAILEY: BURNDOWN TTL Expense Excl Tra $6,000.00 $5,376.81 $617.59 $5,994.40 $5.60
1235412950 |BAILEY: BURNDOWN Operating Expense $6,000.00 $5,376.81 $(379.36) $4,997.45 $1,002.55
1235412950 |BAILEY: BURNDOWN Capital Outlay $996.95 $996.95 $(996.95)
1235413180 |KROU: ABS CEMB All Budget Commitmen $20,000.00 $16,035.75 $4,385.57 $20,421.32 $(421.32)
1235413180 |KROU: ABS CEMB All Expenses Commitm $20,000.00 $16,035.75 $4,385.57 $20,421.32 $(421.32)
1235413180 |KROU: ABS CEMB TTL Expense Excl Tra $20,000.00 $16,035.75 $4,385.57 $20,421.32 $(421.32)
1235413180 |KROU: ABS CEMB Other Personnel $10,504.20 $4,201.68 $14,705.88 $(14,705.88)
1235413180 |KROU: ABS CEMB Operating Expense $20,000.00 $5,531.55 $183.89 $5,715.44 $14,284.56
1235413200 |PERRY: PROD MAL All Budget Commitmen $22,173.00 $24,173.32 $1,958.55 $26,131.87 $(3,958.87)
1235413200 |PERRY: PROD MAL All Expenses Commitm $22,173.00 $24,173.32 $1,958.55 $26,131.87 $(3,958.87)
1235413200 |PERRY: PROD MAL TTL Expense Excl Tra $22,173.00 $24,173.32 $1,958.55 $26,131.87 $(3,958.87)
1235413200 |[PERRY: PROD MAL Other Personnel $14,624.23 $1,698.96 $16,323.19 $(16,323.19)
1235413200 |PERRY: PROD MAL Fringe Benefits $438.37 $148.83 $587.20 $(587.20)
1235413200 |PERRY: PROD MAL Operating Expense $22,173.00 $9,110.72 $110.76 $9,221.48 $12,951.52
1235413210 |PATRA:ROOT TO LEAF All Budget Commitmen $19,509.00 $15,477.92 $4,436.46 $19,914.38 $(405.38)
1235413210 |PATRA:ROOT TO LEAF All Expenses Commitm $19,509.00 $15,477.92 $4,436.46 $19,914.38 $(405.38)
1235413210 |PATRA:ROOT TO LEAF TTL Expense Excl Tra $19,509.00 $15,477.92 $4,436.46 $19,914.38 $(405.38)
1235413210 |PATRA: ROOT TO LEAF Staff $3,878.96 $3,878.96 $(3,878.96)
1235413210 |PATRA:ROOT TO LEAF Fringe Benefits $1,227.90 $1,227.90 $(1,227.90)
1235413210 |PATRA: ROOT TO LEAF Operating Expense $19,509.00 $10,371.06 $4,436.46 $14,807.52 $4,701.48
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