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Abstract
Development of new lignocellulosic bioenergy feedstocks minimizing impacts on staple food 
production and withstanding abiotic stresses anticipated from climate change is key to building a 
future with sustainable liquid transportation fuels. Because of their exceptional ability to thrive on 
nutrient-poor soils in arid, hot environments with minimal water and nitrogen requirements, Agave 
species have recently been proposed as an additional bioenergy feedstock. While the physiological 
mechanisms enabling agaves to survive in their native arid environments are understood, a paucity of 
sequence information prohibits powerful sequence-based analyses of Agave adaptations to abiotic 
stress. Additionally, as microbes associated with agaves remain unstudied, the role microbe 
communities may have in augmenting stress resistance is unclear. To address these issues, we are 
constructing de novo reference transcriptomes for Agave tequilana, an economically important 
species cultivated in Mexico for spirit distillation, and A. deserti, an extremely thermo- and 
drought-tolerant species native to the Colorado Desert. Using the reference transcriptomes, we plan 
to explore gene regulatory and physiological responses to drought and heat in controlled greenhouse 
experiments. In parallel, we are investigating the microbiomes of cultivated A. tequilana, and wild A. 
deserti and A. salmiana using sequence-based microbial community profiling techniques. Select 
microbiomes will be chosen for deep metagenome sequencing in order to understand microbial genes 
and pathways conferring additional stress resistance to agaves. Endophytic microbes living within 
agave tissues will be targeted for single-cell genome sequencing. Taken together, our work builds a 
robust platform to accelerate discovery of plant adaptations to abiotic stress and further development 
of Agave species as a bioenergy feedstocks.  
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I. Agave can supplement other bioenergy feedstocks
Agave species are adapted to their native habitat in arid regions of Mexico and the United States. 
Agave thus holds promise as a biofuel feedstock [1], capable of growing on marginal lands where 
other proposed bioenergy plants cannot. The ability of agaves to withstand hot and arid conditions 
relies upon Crassulacean Acid Metabolism (CAM)—a specialized form of photosynthesis allowing 
agaves to keep leaf stomata (pores) closed during the hot day, minimizing water loss through 
evapotranspiration.  

II. Agaves are productive with minimal resources
Agaves are capable of efficiently producing lignocellulosic biomass with little water and nitrogen 
inputs. Some species of Agave, such as A. salmiana and A. mapisaga have been reported to produce 
up to 40 metric tonnes (Mg) of dry biomass per hectare per year [2]. 
 

Overview

Building sequence resources for Agave

This work performed at the U.S. Department of Energy Joint Genome Institute was supported 
in part by the Office of Science of the U.S. Department of Energy under contract 
DE-AC02-05CH112. Agave microbiome work is supported in part by the DOE JGI Community 
Sequencing Program. 
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De novo assembly of Agave transcriptomes
Without sequence information, molecular studies of agaves are difficult. To address this need, we 
chose A. tequilana, which is currently cultivated for tequila production, as our reference species. As 
agaves have large genomes (~4–7 Gb) [5, 6], we sequenced the protein-coding transcriptome using 
Illumina RNA-seq technologies. A new assembly pipeline developed at JGI, Rnnotator [7], was used 
to assemble RNA-seq data for de novo transcriptome assembly. The transcriptome of Agave deserti 
is currently being sequenced using similar techniques. 

A

B A. Illumina RNA-seq library production. Four distinct tissues of A. 
tequilana were chosen: adult leaves, stems, and roots; as well as 
juvenile roots and shoots. mRNA was purified from each tissue, 
fragmented to either 250 or 500 nt lengths, reverse transcribed into 
DNA, and ligated to Illumina indexed adaptors (blue). Our procedure 
preserves information about the mRNA source and strand specificity to 
aid transcriptome assembly.

B. Transcriptome assembly and annotation. Paired-end reads (red 
arrows) of the agave RNA-seq libraries (grey bars) are filtered and 
assembled into contigs by Rnnotator. Resulting contigs, representing 
specific splice variants of gene transcripts, will be annotated with 
predicted function. 
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A. Agave tequilana cultivated in Mexico.

B. Semi-arid regions of the United States 
(brown) are unsuitable for cultivation of other 
bioenergy plants, which require more temperate 
regions (green). Most Agave species are 
adapted to semi-arid regions in Mexico and the 
extreme southwestern USA (purple). 

C.  Crassulacean Acid Metabolism (CAM). CO2 
enters plant cells at night, joins with a 3-carbon 
molecule (C3) and is stored in the vacuole as a 
4-carbon molecule (C4). During the day, C4 
molecules diffuse out of the vacuole, and CO2 is 
relased and assimilated into sugar in the 
chloroplast.

Comparison of inputs (water and 
nitrogen) and outputs (biomass and 
ethanol) of agaves and other biofuel 
feedstock species. Though agaves 
are harvested at several years of age, 
their annualized growth rate is on par 
with Miscanthus. Table is modified 
from reference [4].
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Filtering the Agave tequilana transcriptome
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Removing contaminating sequences
Deep transcriptome sequencing can assemble sequences from microorganisms associated with 
Agave. Without a reference genome, identifying contaminating sequences can be difficult. Using a 
combination of metagenomics tools [8] and expression data, transcripts were binned into either an 
“Agave” dataset or “contamination” dataset.

Dataset No. of loci No. of 
transcripts 

Transcripts 
per locus 

Sum length of 
all transcripts 

Sum RPKM 

Agave 139,525 
(61%) 

204,530 
(66.6%) 1.46 204,854,948 bp 

(82%) 
1,893,075.2 
(97.9%) 

Contaminants
and unknowns

88,416 (39%) 102,306 
(33.4%) 1.15 44,862,384 bp 

(18%) 40,810.1 (2.1%) 

Total 227,941 306,836 1.35  249,717,332 bp 1,933,885.3 

A B

C A. Initial classification of transcript contigs by metagenomic analysis [8] before 
filtering. Without a reference genome, only 46% of all transcripts are recognized as 
plant sequences. Other sequences are mis-assemblies or contamination.

B. Summary of the filtered dataset. Only 66.6% of the total number of contigs are 
from Agave, but these contigs represent 82% of the total assembled sequence length 
and 97.9% of the total mappable sequence reads (RPKM).
 
C.  Density plots demonstrating more uniform GC content and transcript length 
distributions for Agave transcripts compared to contaminating sequences.

Expression profiling of A. tequilana
Adding functional data to annotation
With a reference transcriptome in place, expression profiling experiments can be initiated. Using data 
from the A. tequilana transcriptome, tissue-specific expression profiles can be studied. Additional ex-
periments are in progress to understand transcriptome responses to heat and drought stress. 

Agave microbiomes and adaptations to stress
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A. Relative expression of 203,974 non-rRNA A. tequilana transcripts in juvenile, leaf, root, and stem tissues. Pearson correlation 
(blue) and the percentage of transcripts with greater than 2X (red) and 10X (orange) abundance between tissues is shown. 
 
B. Heatmap of Photosystem II gene expression. As expected, most transcripts encoding Photosystem II proteins are highly 
expressed in leaves and less abundant in non-photosynthetic tissues. 

C.  Idealized experiment comparing agaves under heat and drought stress to those under optimal temperature and water 
conditions. These biological experiments under controlled greenhouse conditions are currently being initiated inorder to add 
functional data to the Agave transcriptome sequence.

A B C
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Discovering the Agave microbial community
With support from the JGI Community Sequencing Program (CSP), we have initiated studies of the 
A. tequilana, A. salmiana and A. deserti microbiomes. Using sequencing-based approaches, we aim 
to understand the community of microbes associated with agaves both in the wild and under cultiva-
tion. Ultimately, we aim to identify microbes conferring stress and disease resistance to agaves. With 
both transcriptome and microbe sequences in hand, we will have a strong foundation for powerful 
plant-microbe interaction studies.
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A. Microscopic examination of epiphytic microbes associated with the Agave phyllosphere (leaf surface).

B. Microbial communities of Agave to be examined by sequence-based techniques. 
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