
Novel Applications of Paleometabolomics and Stable Isotope 

Ratios to Archaeobotanical Maize 

 

 

Isabella Rose Gaffney 

 

 

 

PhD 

 

 

 

 

University of York 

Chemistry 

 

 

 

 

January 2022 

 



ii 
 

Abstract 
Understanding how crops responded to drought stress in the past is increasingly 

important due to climate change. This thesis explores applications of stable isotope 

ratio analysis and paleometabolomics to archaeological maize cobs from Tularosa 

Cave, New Mexico, cultivated during two different climate regimes (wet ca. 1800 cal 

BP and dry ca. 700 cal BP).  Attenuated total reflectance Fourier-transform infrared 

spectroscopy and elemental analysis have shown that the archaeological samples 

have good preservation across the age range. 

Archaeological maize cobs from Tularosa Cave were distinguished through δ15N 

measurements of bulk material and individual amino acids (AAs). These findings 

complement previous paleogenomic analysis of Tularosa maize cobs suggesting 

selection for drought resistance-related genes.   

Lyophilisation was shown to stabilise the maize extractable metabolome, increasing 

throughput and efficiency of extraction of the metabolome for analysis over more 

traditional tissue processing in liquid nitrogen. The lyophilisation approach was 

taken to explore the effect of drought upon the maize metabolome in a untargeted 

high resolution mass spectrometry (HRMS) metabolomics approach. It was shown 

that under ideal growing conditions, the biochemical make-up of the maize tissue 

types is different. However, under drought-stress conditions, the stress response 

dominates the metabolic profile. HRMS untargeted analysis showed differences in 

the extractable paleometabolomes of the two Tularosa maize populations. Statistical 

analysis reveals drought-stress biomarkers in the ancient maize metabolomes and 

direct evidence of increased sucrose production in the later population, possibly an 

indicator of adaptation to dry climate conditions.   

The work presented in this thesis demonstrates the novel use of nitrogen isotope 

ratio analysis as a direct indicator for drought stress in archaeobotanical samples 

and paleometabolomics was used to test genomic inferences about the 

archaeological maize.  Paleometabolomics can complement other `omics techniques 

and may be used as a novel approach to study desiccated archaeological remains. 
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1.1  Introduction 

Drought stress is a pressing issue faced by modern arable farmers globally. 

Maize, rice and wheat contribute 30% of calories to more than 4.5 billion 

people, including to those from some of the poorest countries in the world1. 

Maize is also an essential animal feed and is used to produce biofuel2. Maize 

agriculture in the present-day Southwestern United States has historically 

faced sparse and unreliable levels of precipitation, resulting in several pan-

regional droughts in the last 2000 years3–5.  The research described in this 

thesis comprises investigations of the effects of drought stress on the maize 

metabolome and the isotopic composition of maize. Specifically, both 

modern maize plants grown under experimental watering conditions, as well 

as archaeological maize samples from Tularosa Cave were examined, as they 

offer a unique proxy for future droughts. 

Plants are frequently subjected to biotic and abiotic stress events and due to 

their sessile nature, plants are under constant pressure to adapt to such 

stresses. Water deficit is an abiotic stress that can adversely affect plant 

growth and crop yield. In combination with often associated high 

temperatures and radiation, drought is the most important environmental 

constraint imposed upon plant survival 6,7  . This is a pressing issue as 

modern-day climate change makes periods of drought more likely 8. 

Plants can adapt to changing weather conditions via the process of 

homeostasis, which is the state of steady internal, physical, and chemical 

conditions maintained by living systems, within certain pre-set limits.  

Homeostasis allows for a degree of perturbation from the optimum to 

encompass general daily and seasonal change. However, water deficit, when 

the plant requires more water than is available, is classed as stress and falls 

outside the normal range of metabolism that is maintained homeostatically. 

When a plant experiences water deficit, it is affected in the short term in 
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several ways. Primarily, its metabolic pathways are disrupted, which can 

trigger metabolic pathways which produce metabolites that protect against 

drought stress 9. 

This thesis focuses on studies of the adaptation of maize to past 

environmental conditions.  Maize (Zea mays. L) is the top food crop grown 

globally and is highly adaptable to different growing environments10. 

However, drought is a major factor limiting crop yields of maize11 and 

climate change is threatening food security in many tropical areas8 due to 

increased periods of drought1,12,13. 

This thesis describes investigations of ancient maize from Tularosa Cave in 

New Mexico. The site was occupied by a Native American culture in two 

main occupational phases. Direct radiocarbon dating of maize cobs has 

revealed two temporally distinct periods of occupation: older (1830 - 1719 BP, 

95.4% Cl) and younger (771 - 681 BP, 95.4% Cl)14.  The cave is very dry, and 

many artifacts are well preserved including desiccated samples of maize 

which derive from the full span of the cave’s occupation.15 The region is 

known to have undergone periods of drought at the time of the cave’s 

occupation5,16. These maize samples therefore represent a unique opportunity 

to investigate the effects of drought upon a valuable food crop over a large 

time-span, impossible to recreate in laboratory or greenhouse experiments. 

By studying the effects of drought upon these maize remains we can use the 

data to understand the potential effects of future droughts and hope to 

mitigate their impact. 

Water stress has been previously investigated using isotope ratio mass 

spectrometry17,18. δ18O 11 and δ13C 19 signatures (see Section 2.5.2 for 

information on isotope ratio calculations) showing enrichment in the heavy 

isotope can be correlated to periods of drought. Williams et al.17 have shown 

that reliable oxygen isotope data can be acquired from measuring isotope 

ratios in cellulose extracted from archaeological maize cobs, and can be 
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correlated to the conditions in the plant’s growing environment, specifically 

the source water which was used to water the plants . In the work described 

in this thesis, the use of various isotope ratios was investigated for their 

suitability as drought indicators. δ18O data were collected from maize 

cellulose, and bulk δ15N and single-compound δ15N data were also 

investigated. 

Water stress causes disruption to a plant’s metabolic pathways, so changes in 

the metabolome can be a good indicator that the plant is under stress20.   In 

the work described in this thesis the metabolomes of modern drought-

stressed maize (grown under experimentally controlled watering conditions) 

and the Tularosa archaeological maize were investigated using metabolomic 

techniques. 
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1.2  Research Rationale 

1.2.1 Domestication History of Maize 

Maize is a thick-stemmed 

annual grass which can grow 

between one and four meters 

tall. Maize has both male and 

female reproductive organs on 

the same plant (Figure 1.1). 

The male reproductive organ 

(the tassel) produces pollen. 

The female reproductive organ 

(the ear) contains the ovules. 

Each kernel in a maize ear is 

derived from an individual 

ovule, and each kernel is 

genetically distinct. The 

tassel and the ear are typically separated by up to a meter21. Pollen is 

captured by silks found on the end of the ear. The silks brush the pollen 

against the ovules to facilitate fertilization. In the wild, pollen is spread by 

the wind, allowing cross-pollination of plants. Maize fixes carbon during 

photosynthesis following the C4 pathway. C4 refers to the four- carbon 

molecule, oxaloacetate, that is the first molecule produced during this 

process. C4 plants are more tolerant of drought and high temperatures than 

C3 carbon fixing plants22. Modern maize has been domesticated over many 

thousands of years from the plant Balsas teosinte* (Z. mays parviglumis). 

 

* Teosinte is the species that modern-day maize evolved from. 

Figure 1.1: Diagram of a maize 
plant. The tassel, ear, silk and roots 
are labelled. 
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There are several wild species of teosintea and they are all native to 

Mesoamerica†.  

Recent archaeological and ancient deoxyribonucleic acid (DNA) research by 

Kistler et al. 23 suggests that the maize domestication process started in what 

is now Southern Mexico approximately nine thousand years ago and 

partially domesticated maize was brought to South America approximately 

6500 years ago. Kistler et al. found that teosinte was fully domesticated in 

Mexico and Southern America over the course of several thousand years. 

Ancient DNA evidence suggests that partially domesticated teosinte had 

spread into what is the modern-day U.S. Southwest by approximately 4000 

years ago. Within the last 1000 years fully domesticated varieties of maize 

emerged from different domestication centres, such as highland Mexico and 

Central America and the Andes and Pacific coast of South America. 

Dispersal to different domestication centres occurred before domestication 

traits were fixed, resulting in wide genetic variation in modern maize 

varieties.  

Phenotypically, modern maize is very  distinguishable from ancestral 

teosinte (summarised from Stitzer & Ross-Ibarra 24). Morphological changes 

are generally associated with increased yields or ease of  harvesting.  

Teosinte plants are branched, with multiple ears per branch, whereas maize 

plants are unbranched, which allows easier access to the fruit (Figure 1.2A).  

Maize has larger fruits than teosinte, resulting in bigger yields.. Maize has 

 

† Mesoamerica is broadly defined as the area that is home to the Mesoamerican 

civilization, which comprises a group of peoples with close cultural and historical 

ties. The heartland of Mesoamerica is Southern Mexico, but extended to include 

central Mexico to Northern Costa Rica. 
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paired mature spikelets‡,  whereas in a teosinte ear only a single spikelet 

matures. This results in twice as many seeds being formed in maize than 

teosinte. 

Maize also has multiple ranks of kernels in the ear, whereas teosinte only has 

two, again producing more seeds in maize.  Teosinte fruit is protected by a 

tough tissue called the outer glume  (Figure 1.2B); maize fruits are exposed, 

once the outer husk is removed, making harvesting easier. Maize also has 

non-disarticulating rachis; this means the rachis is rigid and non-shattering, 

whereas the teosinte rachis disarticulates upon maturity. This makes maize 

dependent on human intervention for seed dispersal, as the seeds remain 

upon the cob which is advantageous for harvesting. 

The genomic regions responsible for the morphological structure of maize 

relating to domestication have been identified25. The paired spikelets are 

associated with gene variants on chromosomes 1 and 3. The interactions are 

complex as the loci are dependent on the presence of other genes. Also, the 

loci appear to affect more than one phenotypic trait, such as plant 

architecture. The ranks of the ears are mostly controlled by the gene Zea 

 

‡ A spikelet is a short branch on which flowers are borne. 

Figure 1.2: (A) Morphology of teosinte and maize plants and (B)
differences in ear architecture, taken from15. 
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floricaula leafy2 (zfl2). Rachis shattering, or disarticulation, is associated with 

Zea agamous-like1 (zagl1). Glume architecture and hardening are thought to be 

controlled by the gene teosinte glume architecture1 (tga1). Finally, plant 

architecture is controlled by teosinte branched1 (tb1) 26. 

Domestication impacts most on the genes that control morphology and 

physiology. It is mutually beneficial for the domesticated species and the 

domesticator. Maize is well adapted for its ecological niche and well adapted 

to its growing environment. 

 

1.2.2  Maize Usage 

Maize was an extremely valuable commodity to early Mesoamerican 

cultures. According to ancient Mayan legend, humans were even created 

from maize27. The oldest known evidence of maize has been found in the 

Central Balsas region of Mexico. Starch grain and phytolith evidence of 

teosinte was identified on stone grinding tools and stone flakes dating to 

8700 BP found in the Xihuatoxtla shelter28. Xihuatoxtla is a small cave shelter 

seasonally occupied by small groups of people for several weeks at a time. 

There is evidence that people were planting maize at the fertile edges of 

nearby lake Laguna Tuxpan during the dry season, when water levels were 

low. This strategy was probably an important aspect of their seasonal 

settlement cycles. 

Genetic data also point to the Balsas river valley in Mexico as the site where 

maize was domesticated from teosinte29,30 . Archaeological phytolith evidence 

suggests that squash was domesticated around the same time 28. Population 

genetics comparison of maize and teosinte showed multiple centres for 

selection and a recent genetic bottleneck causing loss in genetic diversity 

during domestication. Following domestication, there is evidence of 

geneflow from teosinte to maize having improved maize’s adaptation to 
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different climates31–34.   Other early evidence for maize comes from two rock 

shelters in Arizona and western New Mexico; these sites are notable for the 

diversity of their settings (upland and lowland).  The fact that maize occurs 

almost concurrently in these different sites suggests that the ancient 

landrace(s) were tolerant of a wide range of environmental conditions35. 

 

Today there are several types of maize: 

 

Sweet corn: Sweet corn is the variety of maize typically consumed by 

humans. It has a higher sugar content than starch content. It is harvested 

prematurely before the sugars can be converted into starch. 

 

Dent corn: Dent corn, or field corn is the type of maize predominantly 

grown. It has a higher starch content than sweetcorn and is usually used to 

feed livestock, and to produce corn syrup and ethanol. 

 

Popcorn: Popcorn is another variety of maize consumed by humans. It has a 

tough outer glume and a small amount of starch. 

 

Flour corn: Flour corn is ground into flour to make baked foods. 

   

Flint corn: Flint corn is similar to dent corn, but can be coloured yellow, 

orange, red, white and black, rather than just yellow. It is primarily used to 

make a coarse cornmeal. 
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1.2.3 Climate Change and Maize Production 

A study by Jones and Thornton12  indicates that there will be an overall 

reduction of 10 % in maize production in Africa and Latin America by 2055 

due to climate change. The study used modelling to predict the yield of 

maize crops in Africa and Latin America. However, the results of the 

simulation show a highly variable pattern of risk, with some areas much 

more at risk than others. An analysis by Lobell et al. 8 assessed the climate 

change adaptation needs for at-risk crops in 12 food insecure regions. Lobell 

et al. found that Southern African maize was most at risk from climate 

change and in need of adaptive measures. Cairns et al.36  also identified sub-

Saharan Africa as an at-risk area. A study (Southworth et al.37) focused on the 

effect of climate change on the production of maize in the midwestern 

United States found variable results. An overall reduction in crop production 

was predicted. However, this varied depending on where the maize was 

grown, and which hybrid was used. 

By 2050 the global population is predicted to have increased by an additional 

3.5 billion individuals. Production of maize, wheat and rice will need to 

increase by 70 % by 2050 to feed this growing population36; currently, 800 

million people still experience poverty and hunger every year. Current 

climate change predictions show that agricultural production in general will 

be negatively impacted in the forthcoming years38. There is a huge impetus to 

make adaptations to crops to maintain food security in impoverished regions 

of the world, or risk increased global hunger. This PhD project has looked at 

the adaptations of ancient maize to historical drought; which may be used to 

inform strategies that could be used to protect crops during modern day 

climate change. 
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1.2.4  Plant Responses to Stress and Drought 

Due to their sessile nature, plants are adaptable to biotic and abiotic stresses. 

When a plant experiences drought a complex system of mechanisms is 

triggered, ultimately resulting in a series of responses designed to conserve 

resources and energy. The stomata are closed, and the leaves are rolled to 

prevent water loss by evapotranspiration, which in turn has the effect of 

inhibiting photosynthesis. Plants may be subject to slowly developing water 

shortage or more rapid dehydration. Different rates of desiccation can trigger 

different physiological responses 6. 

When water deficit develops slowly, the plant has the option to escape 

desiccation by shortening its life cycle. This involves the successful 

completion of reproduction before water stress becomes too severe and 

ovules must be aborted. This means a high growth rate, utilising resources 

whilst they remain available; this is a useful strategy for plants growing in 

arid conditions 39. Many plants also discard older leaves, allowing the 

nutrients in the older leaves to be recycled into the younger ones 6.  

Further long-term acclimatisation responses to drought include turgor 

maintenance, which can be achieved in a variety of ways. Water loss can be 

minimised by stomatal closure, means to change leaf configuration, for 

example upturned leaves avoid excessive sunlight which prevents excessive 

heating and therefore water loss.  Other mechanisms, such as increased root 

area, maximise the amount of water being taken up40. Conversion of complex 

storage carbohydrates to small, soluble mono-, di- and oligo- saccharides can 

also change the osmotic potential, helping maintain tissue water potential41. 

Several other metabolic pathways are also employed to maintain turgidity42. 

Short term responses to urgent stress generally involve minimising water 

loss (stomatal closure) and metabolic responses to limit dehydration damage. 

Whilst stomatal closure is one of the first responses to drought, as it is the 

most obvious way to prevent water loss, it can be difficult to assess the 
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details of this mechanism. This is because plant stomata are sensitive to light 

intensity, CO2 concentration, and plant leaf water status, so they can be 

responding to a combination of factors at any time. 

In this PhD project, the archaeological samples are mostly inner cob material 

with some kernel material; therefore the metabolic processes that occur in 

these tissues are focused upon. The samples are also fully mature fruits and 

in maize  the effects of drought stress are reflected in kernel material43,44. 

 

1.2.5 Archaeological and Environmental Context of Tularosa Cave 

Maize agriculture in the American Southwest has historically struggled 

against the issues of drought stress due to sparse and unreliable levels of 

precipitation, resulting in several pan-regional droughts in the last 2000 

years4,5,45. Various agricultural interventions have been adopted to mitigate 

the effects of drought, such as canal irrigation and lithic mulching46. The 

oldest irrigation system in the Southwestern region (Tuscon, Arizona) dates 

to 2,680-2,260 BP47. Since then canals have been constructed with variable 

intensity and complexity, reaching a peak during the Hohokam culture of 

Arizona in the 14th century AD48.  The covered channels were used to channel 

water from less arid mountainous regions to dryer areas. 

Maize agriculture in Southwestern North America however has much longer 

antiquity than these drought management agricultural practices. Genetic23,29 

and phytolith28 evidence (Section 1.2.2) suggests that while the initial stages 

of maize domestication from the wild plant teosinte occurred once (in the 

Balsas River basin area of Mexico beginning around 9000 years ago, Section 

1.2.2), several lineages separated before domestication traits were fixed. 

Domestication pressures on the maize continued outside of the initial 

domestication area,  resulting in several semi-domesticated divergent maize 

populations, some of which evolved into modern maize under 
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anthropogenic pressures. Maize arrived in in the modern-day Southwestern 

United States around 4,100 years before present14,35. 

Maize was an important food crop and was integral to the rise of agriculture 

and therefore complex societies in Mesoamerica.  Corn, beans and squash 

were key components of the Mesoamerican diet and cornerstones to 

agriculture. Corn has the advantages that it can be stored a long time and can 

also be ground into flour to make tortillas. 

The samples examined in this project originate from Tularosa Cave in New 

Mexico (Figure 1.3). The peoples who occupied the cave are from the 

Southwestern Mogollon culture. The Mogollon culture was an early 

agricultural society which was active from approximately 3400 - 500 BP. 

They lived in the mountainous region of Southwestern New Mexico and 

Southeastern Arizona. They depended upon rainfall, floodwaters and stream 

diversion to irrigate their crops. The Mogollon, the Ancestral Pueblo peoples, 

and the Hohokam were the three major farming complexes in the southwest 

United States. All three were notable for geographic expansion, population 

growth and pueblo architecture. Pueblo architecture includes great cliff 

dwellings which could be up to four stories tall. Aridity in the Southwestern 

region put stresses on the societies and many of the largest settlements were 

abandoned by the late 14th century49. 
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Tularosa Cave was excavated in 1950 by Martin et al.15 and housed a large 

collection of artifacts relating to the Mogollon Native American culture. The 

site was excavated in 12 lots of 20 cm layers which were dated according to 

the pottery culture excavated within. The cultures are: San Francisco, George 

Town and Pine-Lawn. Layers with no pottery were designated ‘pre-pottery’. 

Due to the arid nature of the local environment, many of the finds were 

exceptionally well preserved, among them two human burials which were 

desiccated, and so ‘mummified’. The plant remains in this cave were 

extensive and well preserved; 30,000 samples of maize were recovered 

(Figure 1.4). The maize dates from between 1,850 to 740 Cal BP.14 

Phenotypically, the older maize is significantly different from the younger; it 

is also notably different from modern landraces. The early maize cobs (1850 – 

1750 BP) are ‘ovoid-shaped’ (described in previous literature as pineapple-

shaped14), short in length with a thick mid-section and small kernel form, 

consisting of 10-12 kernels. In contrast, the later corn (900 - 700 BP) is 

Figure 1.3: Map showing location of Tularosa Cave. 
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‘cylindrical’ in shape with a thin mid-section and 8-10 rows of larger kernels. 

It is possible that these two morphologically distinct sets of maize are 

evidence for an adaptation to climate change. Genetic evidence from these 

maize cobs14 suggests that the maize was adapting to selective pressures. 

 

Figure 1.4: Examples of corn recovered from Tularosa Cave (from Martin 
et al.7). 
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The Tularosa assemblage offers a unique opportunity to investigate the effect 

of drought on maize, as a proxy for modern day climate change. With the 

maize grown during the earlier occupation being phenotypically 

significantly different from the more recent maize, it is possible that these 

two morphologically distinct sets of maize look different due to adaptation to 

climate change.  Examples of the corn recovered from Tularosa Cave can be 

seen in Figure 1.4 and in Appendix 1. 

Seven samples in this study have been radiocarbon dated to two temporally 

distinct periods: older (1830 - 1719 BP, 95.4% Cl) and younger (771 - 681 BP, 

95.4% Cl)14. These periods are thought to correlate to two well-defined 

occupations of Tularosa Cave 14,50. Stalagmite records5,51 from caves in the 

Sacramento Mountains, New Mexico, show that during the earlier 

occupation of Tularosa Cave (2000 - 1700 BP) the annual precipitation was 

higher than at present and the more recent occupation (700 - 800 BP) was a 

time of severe drought. Figure 1.5 is drawn from annual stalagmite band 

Figure 1.5: Stalagmite records from Carlsbad Cavern (BC2 red) and 
Hidden Cave and (HC1 blue). The growth for each year is given as band 
thickness (mm); 10-year moving average applied. The dates of the 1850 
and 750 assemblages are marked on the graph as green and yellow 
diamonds. 
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thickness data and U/Th chronology for two stalagmites (BC2 and HC1) from 

Carlsbad Cavern and Hidden Cave (30 km southwest of Carlsbad Cavern, 

approximately 400 km from Tularosa Cave, Figure 1.3), New Mexico51. 

 

Previous studies have correlated the oxygen isotopic signatures of maize to 

those of the source or soil water in order to find the growing location of the 

samples. For example, Williams et al.17 used the δ18O of maize cellulose to 

identify the source water used for maize production in the arid Southwest of 

America. It is notable that some of the samples in the Williams et al. study 

were charred which has greatly affected the δ18O value. Charred samples 

have a δ18O value of more than 15 ‰ higher than uncharred samples. 

Charring-related enrichment in the heavier isotope, resulting in a higher δ18O 

‰ value is probably caused by fractionation during heating, resulting in the 

lighter isotopes being driven off preferentially. The samples from Tularosa 

are remarkable for their exceptional preservation through desiccation, so 

fractionation in these samples should be more simply related to stomatal 

conductance (rate of water vapor exiting the leaf through the stomata) than 

in the charred samples. Several further studies have attempted to use various 

stable isotope analysis approaches to identify the provenance of maize cobs52–

58, although none have used stable isotope data to act as an indicator for 

drought stress. 

Climate evidence from the Tularosa occupation periods suggests that 

drought was prevalent and severe5,16 and can be used as a proxy for future 

climate change, which is important due to the growing concerns caused by 

modern day climate change59.  It is imperative to protect the food security of 

future generations; given the fact that maize is the most important staple 

globally, it is crucial to understand the effects on it of drought. An important 

research question of this research relates to the investigation of the effects of 

drought on this important food crop. Tularosa cave is an important 
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archaeological site, from which were excavated many exceptionally well 

preserved archaeobotanicals including desiccated maize cobs, 89 of which 

have been obtained for examination in this PhD project. These samples are 

known to cover a 1,500 year period during which the New Mexico region 

underwent periods of severe drought16. Whilst the region benefits from a 

well-defined paleoclimate record indicating extended periods of low 

precipitation5, there is no existing direct evidence that the plants were 

directly exposed to drought.  Comparison of drought and adaptation to it by 

a plant could never be attempted experimentally (via greenhouse or field 

experiments) over the time frame of a typical PhD. Access to the Tularosa 

Cave assemblage allows an otherwise impossible study of drought stress to 

be carried out. 

 

1.3  Previous Molecular Analyses of Archaeological Maize 

Studies of the Tularosa maize cobs conducted prior to the start of this project 

have focused on the recovery and analysis of ancient DNA and ancient RNA. 

The success of these studies (see below) is evidence of the exceptional 

preservation of these maize samples; if labile molecules such as DNA and 

especially RNA have survived, this encourages optimism that other 

biomolecules, such as ancient metabolites, may also have been preserved. 

Da Fonseca et al.14 used the Tularosa samples in a broad discussion to 

identify the route maize took to arrive in the Southwestern USA. Da Fonseca 

et al. compared the nuclear DNA of the Tularosa corn to that of modern 

landraces. The Tularosa maize is split into two temporally distinct 

populations. The older ancestral population consists of individuals 

approximately 1800 years old (SW2K), while the other individuals are 

approximately 700 years old (SW750). The results showed that maize most 

likely entered the Southwestern USA 4000 years ago from Mexico via a 
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highland route. Population genetic analysis was also used to identify 

adaptation loci relevant to drought  resistance. 

Figure 1.6 shows gene trees constructed from population branch statistic 

(PBS) distance, which is a measure of the dissimilarity between the ancient 

landraces (SW750 and SW2K) and teosinte (Z. m. parviglumis), for the genes 

most strongly selected between the two populations: su1 and de- hyd1A. Both 

these genes are of interest in the context of the work described in this thesis, 

as they are associated with drought resistance. dehyd1A is a dehydration-

responsive element-binding protein shown in a previous study (Liu et al. 

2013) to be upregulated in maize seedlings as a response to drought 

conditions. Diversity at su1 was found to be reduced more than 60 % 

between the 2000-year-old samples and the 750-year-old samples which 

means that the allele was under selection during that period. This gene is 

responsible for the storage of non-structural starches such as soluble mono- 

or oligo- saccharides.  This gene has been linked to maize flour consumption, 

as flour requires a high content of soluble starch.  An alternative hypothesis 

 
Figure 1.6: Figure from da Fonseca et al.6 
representing gene trees using PBS distance for the 
genes dehyd1A and su1. 
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is that an increase in soluble mono- or oligo- saccharides compared to 

starches helps to regulate the osmotic potential when water is scarce, 

maintaining the plant’s turgor, and thus structural integrity. This finding 

suggests there may also be molecular evidence for such changes in the 

metabolome of the Tularosa maize. 

Other genes investigated by da Fonseca et al.14 are notable due to their 

implications regarding domestication, include zagl1 and ba1. These genes 

relate to shattering and crop architecture respectively. These are both 

domestication features strongly selected for by human harvesting, as it is 

easier to harvest the kernels when the plants grow linearly on a single stalk 

and the kernels do not shatter randomly, but rather stay on the stalk.  A third 

gene, gi, was identified and is associated with the regulation of flowering - a 

further desirable trait in the domestication of plants. It is advantageous to 

have plants flowering at the same time, so the harvest can be collected in one 

go. 

Another study by Jaenicke-Despres et al.60 which used the maize collection 

from Tularosa (and several other sites in Mexico) concentrates on three genes 

involved in aspects of plant domestication: plant architecture, storage protein 

synthesis, and starch production. tb1 is a gene responsible for the 

unbranched maize architecture§, pbf is responsible for the prolamin box 

binding factor - the protein involved in the expression of seed storage kernels 

- and su1. The report does not clarify the part of the cob sampled, but it is 

most likely the kernel. The DNA sequences were reconstructed from several 

clones from the amplification products, and these were compared to the 

sequences of modern maize landrace and teosinte alleles. The results were 

independently verified at two separate laboratories. The results showed that 

by 4400 years ago, domestication selection had substantially homogenised 
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the allelic diversity (up to a three-fold reduction) at three gene loci. This 

shows that domestication had a profound effect upon the genetic diversity of 

maize very early in the domestication process. A further example of ancient 

DNA analysis has been performed on samples from El Gigante cave in 

Honduras61. That report has similar results to the findings of Jaenicke-

Despres et al.60, finding that by approximately 4000 BP many domestication 

traits were fixed. 

Fordyce et al.62 extracted the ancient ribosomal RNA from six kernels (aged 

approximately 750 BP) of maize. These samples originate from a site in 

Arizona called Turkey House ruin. The study concluded that maize kernels 

are a potential source of refuge for ancient genetic material due to the tough 

nature of the kernel and the fundamental role of RNA in seed germination63. 

The similarity in burial condition, age and morphology of the Tularosa Cave 

samples to the samples studied by Fordyce et al. (2013) makes it seem feasible 

that ancient RNA may also be preserved in the Tularosa samples, and 

encourages optimism that metabolites may also be preserved. 

In summary, a range of genetic evidence shows that genes that correlate with 

domestication are also consistent with adaptation to drought.  It is possible 

that due to the excellent preservation of the Tularosa samples, metabolic 

evidence of drought may also be obtainable, which would be the first time 

this technique has been used for to study abiotic stress in ancient plant 

material.  In this thesis I describe my investigations of the ancient maize 

metabolome for drought adaptations and also considered stable isotope ratio 

data for their potential to provide markers of past drought. 
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1.4  Stable Isotope Ratios 

1.4.1 Nitrogen Isotope Ratios 

Nitrogen is absorbed by plants through the soil. Fractionation of the nitrogen 

isotopes in plants is complicated by the presence and effect of nitrogen-fixing 

microorganisms and varying levels and types of nitrogen sources in the soil. 

The levels and types of nitrogen sources vary naturally but can also be 

affected by anthropogenic factors such as addition of fertilisers (for 

information on isotope fractionation calculations see Section 2.5.2). 

Nitrogen acquisition in plants is summarised by Miller and Cramer64. Briefly, 

complex organic nitrogen-containing molecules are broken down into NH4+ 

by microbes and fungi in the soil. NH4+  may by oxidised to NO3-  via 

nitrification. In anaerobic conditions  and warm temperatures nitrate can be 

turned into nitrogen-containing gases, such as N2O 65. Inorganic nitrogen in 

the soil can become immobilised into organics by microbes and the situation 

is further complicated by symbiotic relationships between plants and 

mycorrhizae and rhizobia66. 

There are many factors which cause natural variation in the nitrogen isotopic 

composition of plants. At a local level these include: the form of the N being 

assimilated (N2, NH4+, NO3-); the pathway used (direct uptake or following 

microbial uptake and transfer to the plant); the location of nitrogen 

assimilation (root or shoot); and the plant part sampled (leaf, root, fruit). 

Isotopic fractionation of nitrogen also occurs as a result of biochemical 

fractionation (enzymatic discrimination between the isotopes) as the nitrogen 

is converted into organic nitrogen and further metabolised. 

Many plants and especially legumes can also acquire nitrogen via symbiotic 

relationships with mychorrhizal fungi and rhizobial bacteria. Mychorrhizae 

tend to reduce the δ15N value of the plant, as the fungi retain the isotopically 

heavier nitrogen67. The type of mycorrhizae also affects the magnitude of the 
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resulting depletion of 15N in the plant. Arbuscular mycorrhizae (AMs), the 

most common type of mycorrhiza, tend to lower the δ15N value of the plant 

tissue by an average of 3.2 ‰ with respect to that of plants without AM 

symbionts.68  The local climate can also affect the δ15N signature. More arid 

sites tend to see a higher plant δ15N value than wetter sites69. There is some 

evidence that δ15N plant signatures also fluctuate seasonally, possibly due to 

ammonium volatilisation68,69. Ammonium volatilisation in the soil can enrich 

the ammonium in the heavier isotope by approximately 40 ‰70.  However, 

climate will also effect the type of mycorrhizae and rhizobia present, which 

will in turn effect the δ15N signature of plants.   

Finally, anthropogenic effects can have a large impact on δ15N signatures. 

Fertilised plants exhibit an enrichment in 15N (due to the 15N enrichment of 

manure), which can be variable, depending upon the type of fertiliser used71. 

The intensity of fertilisation also affects δ15N values 72. Tillage (mixing of soil 

using plough technologies) also disrupts δ15N isotope signatures, as the δ15N 

values of soil profiles vary with depth 73. Therefore, disrupting the soil 

column changes the δ15N value of plants growing in that soil. The factors 

influencing fractionation of nitrogen isotopes within the soil and root are 

summarised in Figure 1.7 (adapted from Szpak et al.74). The figure shows that 

in warm conditions, ammonium  volatilisation causes enrichment of 15N 

(Figure 1.7, step 1). The biological oxidation of ammonia to form nitrates 

causes depletion of 15N (Figure 1.7, step 2). Certain conditions (anaerobic, 

warm) cause the denitrification of nitrates. Uptake of nitrates results in 

minimal fractionation (Figure 1.7, step 3), but uptake of ammonium causes 

reduction of δ15N values (Figure 1.7, step 4), the extent of which varies 

depending on source ammonium concentration. The assimilation of nitrates 

and ammonium into organics causes a depletion in 15N (Figure1.7, steps 5, 6 

and 8). Movement of nitrates to the shoot before assimilation results in a 
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depletion of 15N (Figure 1.7 step 7). Organic N can be moved between the 

root and the shoot with no fractionation of N isotopes (step 9). 

 

 

 Figure 1.7: Simplified schematic of nitrogen uptake, adapted from Szpak et al.63. 
Fractionation factors are labelled in blue: (1) Ammonium volatilisation. It has been 
found that this process concentrates 15N in the remaining ammonium labelled *NH4+ 

59. (2) Nitrification.  The biological oxidation of ammonia into nitrate.59  (3) Uptake of 

NO3- causes negligible fractionation64. (4) Uptake of *NH4+ is associated with 
nitrogen fractionation. The extent of the fractionation depends on the source 
concentration of *NH4+60,64. (5) NO3- assimilation into organic nitrogen. The 
reduction of NO3- to *NH4+ is associated with a fractionation of nitrogen isotopes65. 
(6) *NH4+assimilation occurs in the root and is associated with fractionation of N 
isotopes. (7) NO3- can also be moved to the shoot to be assimilated. This results in 
fractionation of N isotopes. This is because the NO3- pool has been depleted in 15N 
via assimilation of N into organic N in the root. (8) NO3-  assimilation into organic N 
in the leaf. (9) Organic N can be moved between the root and the shoot with no 
fractionation of N isotopes. 
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1.4.2  The Effect of Drought on Nitrogen Isotope Ratios 

Drought conditions cause ammonium volatilisation in the soil, enriching in 

the heavier (15N) isotope and thus increasing the δ15N value of ammonium in 

the soil. In drought conditions it has been found that AMs help the host plant 

to withstand drought stress by inducing a wide array of effects in plants such 

as root elongation, improvement of nutrient uptake and increasing resistance 

to abiotic stresses75,76. The nitrogen is predominantly assimilated into the root 

via AMs. AMs deplete the 15N in the soil and retain the heavier  isotope, 

resulting in a depletion in the heavier isotope in the plant root.73. Evaporative 

enrichment may also occurs when small volatile nitrogen-containing 

compounds diffuse out through open stomata, causing an increase in the 

heavier nitrogen isotopes in the leaf tissues. Translocation from the senescent 

parts (old leaves) may also enrich 15N in fruits73, this is due to the losses of 

volatiles in leaves which results in enrichment in 15N. 

 

1.4.3 Compound-Specific Nitrogen Isotope Ratios 

In order to understand the complex expression of plant bulk δ15N signatures 

it can be revealing to look at the isotopes at a compound-specific level. Since 

the main contributor to bulk N content is protein, analysis of the individual 

amino acids’ (AAs) nitrogen isotope signatures can further understanding of 

the biochemical processes that contribute to the overall bulk δ15N signature77.  

This compound-specific approach can be used to interrogate the metabolic 

processes of plants and is achieved by examining the stable nitrogen isotope 

ratios of individual amino acids (δ15NAA). Amino acids are released by acid 

hydrolysis of proteins present in plant remains and derivatised for gas 

chromatography-combustion-isotope ratio mass spectrometry (GC-C-IR-MS). 

Previously this approach has shown that δ15NAA values of modern cereal 

grains and rachis were largely attributed to metabolic pathways involved in 
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their biosynthesis and catabolism and that manuring resulted in consistent 

15N-enrichments of all amino acids78. The latter shows that the application of 

manure does affect the metabolic routing of nitrogen into cereal grain, but 

that such external factors affect all amino acids similarly78,79. Styring et al.79 

also found that growing conditions and climate across two growing sites 

(annual rainfall 727 mm compared to 483 mm) do not result in significant 

differences in the relative δ15N values of different AAs in barley and bread 

wheat grains, although some differences were noticed in the rachis.  

Styring et. al79 also related δ15Nbulk and δ15NAA values within bone collagen, 

using a mass balance equation.  A strong correlation was found between the 

δ15Nbulk and δ15NAA values, r = 0.93. There was an offset of approximately 2 ‰ 

between measured  δ15Nbulk and the calculated δ15Nbulk values determined by 

summing the component δ15NAA values, likely due to the missing values for 

those AAs that cannot be analysed using GC-C-IR-MS (see Section 2.5.3). 

 

 

1.4.4 Oxygen Isotopes 

Oxygen is taken up by plants in the form of water through the roots. The 

oxygen isotopic signature (δ18O) highly correlates with that of the source 

water at the root17. As the water travels from the root to the leaf no 

biochemical fractionation occurs**, however some fractionation will occur 

due to thermodynamics 80. Once in the leaf, fractionation also occurs due to 

thermodynamic processes. The lighter oxygen isotope, 16O, is more likely to 

evaporate and diffuse out of the stomata than 18O. This results in 

‘evaporative enrichment’ of the heavier isotope in the leaf tissues (Figure 1.8). 

 

** Enzymes discriminate between isotopes, which may result in a depletion or 
enrichment in the heavier isotope depending on the enzyme. 
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Biochemical fractionation occurs due to the enzymatic processes associated 

with photosynthesis and glucose metabolism.  If the leaf experiences lots of 

heat radiation, then more 16O will be lost than 18O. The oxygen atoms (from 

the water) become fixed in cellulose due to photosynthesis and subsequent 

metabolism of the glucose produced. Therefore, a higher δ18O is observed if 

cellulose has been fixed when a plant has experienced high temperatures81. In 

this manner δ18O values can be correlated to environmental conditions. 

 

1.4.5 Previous Studies of Ancient Maize Using Oxygen and Nitrogen 

 Isotope Ratios 

Previous studies have correlated the oxygen isotopic signatures of maize to 

those of source or soil water in order to identify the growing location of the 

samples. Williams et al.17 used the δ18O of maize cellulose to identify the 

source water used for ancient maize production in the arid Southwest of 

America. They tested the hypothesis that source water variation in δ18O is 

Figure 1.8: Diagram summarising oxygen isotope fractionation in plants. 
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related to δ18Ocellulose in a series of control experiments using experimentally 

grown maize grown under the same conditions, to control for evaporative 

enrichment. Having proven that the δ18Owater value is retained in the cellulose 

δ18O signature, they used these data to match the δ18O isotope signature of 

the cob cellulose of archaeological samples with those of potential water 

sources. 

Whilst this correlation worked well with the control experimental samples 

analysed by Williams et al.17, it is difficult to know how robust this is in 

relation to the archaeological samples tested by these researchers because the 

ancient water sources are not available, although, an estimation of 

fractionation due to evaporative enrichment was incorporated into the 

model. It is notable that some of the samples in the Williams et al. study were 

charred which is likely to have greatly affected the δ18O values (Section 1.4.4). 

This charring-related enrichment is probably caused by fractionation during 

heating, resulting in the lighter isotopes being driven off preferentially.  

Understanding δ15N signatures in archaeological samples is complex, due to 

diagenesis which can occur in the plant following death, as well as the many 

factors that can result in fractionation (Sections 1.4.1 and 1.4.2). Many 

archaeological samples of plant materials are preserved due to charring. 

Fraser et al.82 found that the heating of various cereal grains and pulses 

(wheat grain, pea, broad bean and lentil) at 230 oC for 24 h can cause an 

enrichment in 15N that increases the δ15N value by around 1 ‰. This is most 

probably due to the preferential loss of isotopically lighter 14N-containing 

volatiles. Styring et al.82 showed that the heating of modern einkorn grain at 

230 oC for 24 h also resulted in an increase of 1 ‰. FTIR and solid-state 13C 

NMR showed that the heating of modern einkorn grains resulted in Maillard 

reactions between proteins and starch, producing high molecular weight 

melanoidins. Solid-state 13C NMR of ancient charred einkorn grains showed 

that they retained a similar proportion of N to the 24 h-charred modern 
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einkorn grains, suggesting that the amino acid nitrogen in the ancient grains 

was retained in stable melanoids, which are resistant to degradation. 

Fraser et al.82 also reported that burial (for up to 2 years) had little effect on 

the δ15N values of charred botanical remains. However, most archaeological 

samples are buried for several hundred years or more, so it is possible that 

burial does have an effect on the isotopes over such long time periods.  

However, the work presented here focusses on uncharred remains. 

A study by DeNiro and Hastorf83 suggested that the δ15N signatures of 

prehistoric plants that were not charred are generally 10-20 % more positive 

than their modern counterparts.  This study suggests that this is a result of 

diagenesis. However, a more modern study by Metcalfe and Mead84 suggests 

that maize samples analysed by DeNiro and Hastorf were possibly fertilized 

by seabird guano which can produce extremely high plant δ15N signatures74.  

Metcalfe and Mead found that a range of uncharred plant remains (mostly 

trees) from the Early Holocene have similar δ15N signatures to their modern 

counterparts. However, they recommend the use of FTIR or other structure 

analysis techniques to assess the level of diagenesis in samples with altered 

δ15N signatures.  

A study by Amundson et al.69 has shown that, globally, soil δ15N values tend 

to be higher than plant δ15N signatures. Therefore, it is possible that leaching 

of organics from the soil into buried ancient plant material could cause an 

enrichment of the plant 15N levels during burial. Volatilisation of nitrogen-

containing compounds over the long term could result in an increase in δ15N 

values, as Admussen et al. found that increasing annual temperatures and 

decreasing rainfall led to an increase in soil and plant δ15N values. 

The ancient maize from Tularosa is extremely well preserved, not charred 

and is desiccated. The isotope ratios of the two sets of samples of different 

ages (and climate conditions) can thus conveniently be compared to 

determine whether drought signatures can be inferred. 
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1.5  Metabolomics 

1.5.1 Overview 

Metabolomics is a powerful tool for investigating the entire chemical profile 

of a biological sample. Metabolites and their levels are of particular interest 

when investigating genetic influences or environmental changes, as they can 

be regarded as the final response of an organism to genetic or environmental 

perturbations85. Metabolomics has previously been used to understand the 

stress response from drought9,86–88 and salinity89,90 in experimentally-grown 

modern maize.  A detailed description of metabolomics workflows and the  

instrumentation used is provided in chapter 2. 

Metabolomics can be used to complement the other `omics techniques 

(genomics, transcriptomics, and proteomics, Figure 1.9) and in combination 

with these techniques it can help us understand complex molecular processes 

in biological material (for example91,92).  Metabolomics, unlike other `omics 

techniques does not depend on organism-specific genome information for 

data analysis and interpretation93. 



- 31 - 

 

 

Figure 1.9: 'Omics technologies in combination offer a comprehensive 
understanding of biological systems. 

 

1.5.2 Extraction Considerations 

Metabolomics approaches in general consider the extractable metabolites; 

therefore extraction protocol plays an important role in the types of 

molecules included in the analysis. Published methods in plant 

metabolomics most often work with fresh material processed under cold 

conditions, although this can pose significant practical challenges. Samples 

are generally immediately frozen in liquid nitrogen and stored at -80 oC to 

inactivate enzymatic processes. However, weighing plant material kept 

frozen in liquid nitrogen can be difficult due to several practical 

considerations such as electrostatic charging, and condensation onto frozen 

tissue in damp atmospheres which can cause variation in the tissue weights 

(due to condensed water). Lyophilising the samples prior to homogenisation 

removes water from the sample, which inactivates enzymes and potentially 
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stabilises the metabolome94.  However, few studies have considered the effect 

of lyophilising plant material as a means to stabilize the metabolome95,96.   

1.5.3 Primary and Secondary Metabolites 

The metabolite pool of a plant tissue is made up of a wide range of 

metabolites with diverse physicochemical properties, ranging from ionic 

inorganics to amino acids, and hydrophobic lipids. Plant metabolites are 

classified into primary and secondary metabolites97 (Figure 1.10), although 

some metabolites can be classed as both a primary and secondary metabolite. 

Primary metabolites are fundamental for plant growth and development. 

Primary metabolites are usually directly involved in normal growth, 

development, and reproduction, and they often perform an intrinsic 

function. Examples of primary metabolite classes include lipids and nucleic 

acids. Such compounds are often those found concentrated in seeds (such as 

maize kernels) and vegetative storage organs.  

Secondary metabolites are organic compounds that aid the organism in 

normal growth and development, and are compounds derived from primary 

metabolites. Secondary metabolites usually have an important ecological 

function, such as adaptations to environmental stresses98, or serve as 

chemical defences against predators.  Examples include: phenolics and 

alkaloids99. 
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Figure 1.10: Classification of primary and secondary metabolites (image 
adapted from www.vivadifferences.com100). 

 

1.5.4 Drought Stress Response in Maize 

The maize cob provides the growing seed with nutrients including proteins, 

oils and starch. Hence, lipids, amino acids, and soluble carbohydrates are 

expected to be the major components of a kernel extract.  It has been shown 

that increases in the levels of osmoprotectants, such as mono-, di- and oligo- 

saccharides, polyols and some quaternary ammonium compounds such as 

taurine are a common adaptive measure to water stress across a range of cells 

and tissues; their accumulation accompanies drought stress9.  Amines, mono-

, di- and oligo- saccharides and sugar alcohols can act as stabilising agents to 

macromolecules such as proteins; these molecules help proteins to maintain 

their hydration state and hence their structure88,101.   

Hormones are important mediators of plant responses to stress. For example, 

abscisic acid (ABA) is heavily implicated as a controller of stomatal closure 
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when water deficiency is detected in the roots102.  Plant hormones can be 

found in most plant tissues including the fruit103. A large reduction in 

intracellular CO2, such as occurs during drought (due to stomatal closure104), 

can result in over-reduction in the electron transport chain and produce 

reactive oxygen species (ROSs) that may initiate photo-oxidation.  

Accumulated ROSs can act as secondary messengers in hormone-mediated 

events.  The intracellular concentrations of ROSs are controlled by 

antioxidants, which include ascorbate and glutathione6. For B73, a drought-

susceptible modern maize cultivar, drought stress has been shown to cause 

an accumulation of simple sugars and polyunsaturated fatty acids and a 

decrease in amines, polyamines and dipeptides, together with an increase in 

accumulation of ROSs and the fungal product aflatoxin43.   

 

1.5.5 Review of Relevant Previous Metabolomic Studies  

1.5.5.1 Extraction Approaches 

Hamid et al.95  investigated the effects of freeze-drying compared with oven-

drying of material on the metabolite profiles of three different types of edible 

brown seaweed; it was found that freeze-drying resulted in the ability to 

extract higher metabolite concentrations than did oven-drying. A previous 

study by Oikawa et al.96 has shown that freeze-drying of plant tissue 

following grinding can be used to stabilise metabolites. Oikawa et al. found 

that in Arabidopsis freeze-drying had no effect on the concentration of plant 

hormones, when compared to keeping samples frozen, except for on salicylic 

acid, the concentration of which in the resulting extracts was increased 

following freeze-drying. They also tested pear fruit, in which plant hormone 

concentrations were found to slightly decrease in freeze-dried samples when 

compared to frozen samples. It is clear that the effect of freeze-drying should 

be tested on maize, as the few results there are, are inconsistent between 

species and tissue types. 
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The archaeological maize from Tularosa Cave is totally desiccated, so the 

effect of lyophilization as a way to stabilize the metabolome is of interest. If 

desiccation can stabilize the metabolome effectively, then metabolites, and 

perhaps even a drought signature in the maize extract may be preserved in 

the archaeological samples. If lyophilisation does stabilise the metabolome, it 

could prove to be a very convenient development for application in 

metabolomic studies of fresh modern samples as well as paleobotanical 

material.  

 

1.5.5.2  Metabolomics in Archaeology  

Metabolomic techniques have been used in a small number of studies of 

archaeological samples in recent years, although the number is fast growing 

indicating a vibrant area of application in archaeological sciences.  When 

metabolomic approaches are used to analyse ancient biological systems, we 

would like to suggest it can be referred to as paleometabolomics.  

Metabolomics has been used in the analysis of the stomach content of the 

Iceman, a 5,300-year old European glacier mummy105.  This study took a 

multi-omics approach to gain insight into the nutritional habits of the 

Iceman. The microscopic and molecular data found evidence of three 

components in the Iceman’s last meal: fat and game meat from ibex and red 

deer, supplemented with cereals from einkorn. Other studies have used 

metabolomics to distinguish closely related plant species found in residues of 

ancient pipes106 and tobacco mixture usage by ancient Mayans107. To the 

author’s knowledge, paleometabolomics has not been used to infer the 

physiological status of ancient plants before. 
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1.5.5.3 Metabolomics in Studies of Modern Maize 

Whilst there has been minimal use of metabolomics in an archaeological 

context, there are many studies profiling metabolites under drought 

conditions in modern maize grown under experimental conditions. Rohlig et 

al.87 investigated the differentiation in metabolite profiles of maize due to 

genetics and environment. Differentiation due to wet and dry growing 

conditions was possible on the basis of the metabolite profiles of kernel 

extracts.  

Rohlig et al. samples were obtained from randomised field plots, and for each 

cultivar, three field replicates were analysed in triplicate. The kernel frozen 

in liquid nitrogen to inhibit metabolic processes, and ground and dried. Polar 

and apolar metabolites were extracted, using methanol:water and 

dichloromethane (DCM) respectively. The lipid extract (apolar metabolites) 

was trans-methyl esterified and the polar extract was fractionated prior to 

gas chromatography-mass spectrometry (GC-MS). 

Over 300 distinct analytes were detected, of which 167 were identified. Four 

different growing regions were used in their study; of them one was 

characterised by dry, sandy soil, whereas the others had wet clay/loam soil. 

Principal components analysis (PCA) of the GC-MS results reveals that in 

two of the three growing seasons the metabolite profile of the plants grown 

in the drier region can be clearly separated from those of plants grown in the 

others, for a variety of metabolite classes. 

A study by Witt et al.88 was designed to test the metabolic and phenotypic 

responses of greenhouse-grown maize to experimentally controlled drought 

stress. Polar and non-polar metabolites were extracted by shaking different 

plant tissues in water at 70 oC for 15 minutes. The apolar metabolites were 

removed by adding chloroform, and the chloroform layer was then 

discarded. The polar analytes in the aqueous phase were analysed by GC- 

MS. This study focuses on the different metabolic responses to drought of 
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different tissue types. Several tissue types were sampled, including the ear 

and husk. PCA revealed that the tissue types are distinguishable by their 

metabolite profiles and that the cob in this study had a distinctive metabolite 

profile (identified by comparison of product ion data to a database).   

Witt et al. (2012) reported that leaf blades were the most informative plant 

tissue to use if the aim is to diagnose drought stress. However, leaf tissue 

rarely survives archaeologically, and the inner cob material is much more 

plentiful in Tularosa Cave archaeological assemblages than other maize 

material.  Witt et al. conclude that the ears, being short-duration organs, only 

grow if they are fully hydrated, thus are relatively inert metabolically, 

compared with leaf tissue. However, slight increases in some metabolites, 

particularly in soluble carbohydrates, were detected in the ear.  Metabolites 

that showed the largest responses to drought stress across all tissues were: 

xylose, vanillic acid, methionine, putrescine, proline, histidine, β-alanine and 

phosphoric acid. 

A study by Harrigan et al.86 studied the metabolite profile of the grain 

(kernels) of seven maize hybrids grown in the field under well-watered and 

drought conditions. This study focuses on water restriction during grain-fille. 

Water restriction at this stage in the growing process is the time most likely 

to affect metabolites in the cob108. The samples were ground and oven-dried 

(130 oC for 2 h). and the hexane extraction protocol of Harrigan et al.9 was 

followed for metabolite extraction. Fatty acids were trans-esterified using 

acetyl chloride/methanol, extracted into hexane and analysed using GC-MS. 

Polar metabolites (amino acids, organic acids and sugars) were analysed 

following separate extractions. These polar analytes were separated and 

analysed using reversed-phase high performance liquid chromatography-

mass spectrometry (HPLC-MS). Glutamic acid and histidine were found to 

increase when water was restricted during grain-fill.  Glucose was found to 

be lowest if water was restricted during the grain-fill period, and highest if 
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water was restricted during the vegetative growing period. The organic acids 

saccharopine and malic acid increased (compared to the control) if water 

stress was applied during grain-fill, as did glycine, betaine and glycerol. 

The molecules identified by Harrigan et al. that are relevant to drought stress 

in maize kernels include sugars, alcohols and amines and organic acids. No 

fatty acids were specifically identified as changing. Therefore, the apolar 

molecules in the kernel matter were less informative of drought effects than 

the analytes identified in the polar extracts. This is intuitive as the most 

obvious effect drought has upon a plant is water loss, and the resulting 

metabolic pathways utilised by plants involve the release of osmolytes (polar 

molecules) to protect turgidity109.   

 

1.6  Aim and Objectives 

The overarching aim of this PhD project was to examine the effects of 

drought stress on the maize metabolome and the isotopic composition of 

maize. Specifically, both modern maize plants grown under experimental 

watering conditions, as well as archaeological maize samples from Tularosa 

Cave were examined, as the latter offer a unique proxy for future droughts 

this is due to the extreme drought conditions in the time-period these maize 

cobs were grown. To achieve the aim of this thesis the following specific 

objectives were identified: 

• To test whether nitrogen isotope ratios are affected by drought 

stress and can be used to distinguish maize grown under different 

climate regimes (chapter 3). 

 

• To test whether amino acid nitrogen isotope ratios are affected by 

drought stress and can be used to distinguish maize grown under 
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different climate regimes (chapter 3). 

 

• To test whether oxygen and carbon cellulose isotope ratios are 

affected by drought stress and can be used to distinguish maize 

grown under different climate regimes (chapter 3). 

 

• To develop and apply a method to use untargeted metabolomic 

approaches (chapter 4) to investigate changes in plant metabolites 

under drought stress in maize grown under experimentally 

controlled watering conditions using lyophilized inner cob and 

kernel material. 

 

• To use the methods developed (described in chapter 4) to carry 

out untargeted and targeted analyses of drought-stress related 

metabolites in archaeological maize extracts (chapter  5) 

 

• To use laboratory ageing experiments to understand how age and 

desiccation may have affected isotope ratios and metabolite 

preservation in the archaeological maize samples (chapter 6). 

 

Chapter 2 details the analytical techniques and instrumentation used in the 

work described in this thesis. Chapter 3 presents the results of bulk nitrogen 

isotope ratio analyses of experimentally drought stressed maize, analysing 

both the inner cob and kernels, with the goal of applying this approach to 

identify direct indicators of drought in archaeobotanicals. The results of bulk 

nitrogen isotope ratio analyses of the maize from Tularosa Cave are 

presented here. Nitrogen isotope ratios of amino acids were used to 

distinguish between metabolic and external causes of bulk 15N enrichment. 

Chapter 3 further details the results of oxygen isotope ratio analysis of 
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cellulose from experimentally drought-stressed maize and the Tularosa 

archaeological samples.  

Chapter 4 describes a method developed to extract drought-related 

metabolites from both experimentally drought-stressed maize and the 

Tularosa maize for analysis by HPLC-MS. The effect of lyophilisation on 

stabilising metabolites was investigated. The results of untargeted 

metabolomics experiments on drought treated modern maize and the 

Tularosa archaeological maize are presented here. 

In chapter 5 untargeted metabolomics experiments have been used to 

identify differences in the metabolomes of the archaeological maize and then 

to target detection of drought-related metabolites in the Tularosa maize. 

Ageing experiments (Chapter 6) were used to help interpret how the 

metabolites may have changed with diagenesis to help deconvolute the 

effects of diagenesis from those of drought. 

Chapter 7 contains an overview of the results and attempts to integrate them, 

and presents recommendations for future work. 
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Chapter 2. Analytical Technology 

and Considerations 
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2.1  Analytical Technologies Used in Plant Metabolomics 

Metabolomics describes the high-throughput analyses of complex metabolite 

mixtures from biological systems such as plant extracts110. Metabolomics 

provides a biological ‘endpoint’, for example markers associated with a 

particular disease, treatment or defence mechanism. Other `omics 

technologies (transcriptomics, proteomics, genomics) describe what may 

happen.  

There are many types of analytical approaches, although more recently these 

seem to depend increasingly on mass spectrometry.  This analysis can 

require the use of multiple mass spectrometry platforms to achieve a 

comprehensive coverage of metabolites.   In this section, the metabolomics 

workflow will be discussed: experimental design, sample preparation, 

instrumentation, and statistical data analysis.  A schematic outlining a typical 

metabolomics workflow can be seen in Figure 2.1.  Whilst GC-MS and liquid 

chromatography-mass spectrometry (LC-MS) are both commonly used, the 

work described in this thesis used LC-MS approaches, and so those will be 

the focus of this section.     

Figure 2.1: Typical metabolomics experiment workflow. Image created 
using BioRender.com. 
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2.2   Metabolomics Experiment Workflow 

2.2.1  Study Design 

Metabolomics experiments can follow one of two approaches, a targeted or 

untargeted approach. Untargeted metabolomic studies involve the profiling 

of many low-molecular-weight organic metabolites, in an effort to identify 

diagnostic changes in metabolites due to different conditions, such as abiotic 

stress, to which the metabolome is sensitive111.  Untargeted experiments 

allow the visualisation of changes in both known and unknown metabolites 

across different conditions.  This type of experiment can be described as 

hypothesis generating (for example see 112).  Following an untargeted study, 

the metabolites can be annotated using tandem mass spectrometry (MS/MS) 

– usually based on product ion analyses – to gather structurally informative 

fragmentation information, and using this to search a range of metabolite 

databases.  Targeted metabolomics (hypothesis driven) involves the 

detection and quantification of specific metabolites using known amounts of 

authentic reference standards. 

2.2.2 Sample Collection and Pre-Treatment 

When setting up targeted and  untargeted metabolomics experiments it is 

important to carefully consider the experimental design to achieve truly 

comparable analyses, and thus generate reliable and reproducible results113.  

In a metabolomics experiment biological replicates are required to represent 

the total population which is being studied to account for biological 

variation. Consideration of how many replicates is used must be balanced 

with the availability of replicate material and the time and resources 

available for the analyses.   
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2.2.3  Data Acquisition: High Performance Liquid Chromatography-Mass 

Spectrometry  

Liquid chromatography separation coupled to a mass spectrometer is a 

powerful way to investigate the plant metabolome, in both targeted86–88 and 

untargeted analyses112,114.  HPLC is frequently used to separate complex 

biological mixtures. A wide range of analyte classes can be analysed using 

HPLC-MS, such as polar analytes, lipids and thermo-labile analytes (without 

derivatisation). This versatility makes HPLC a good choice for metabolomic 

analysis.  MS can be used to measure the relative abundances of different 

elemental isotopes in a sample (elemental mass spectrometry) or to generate 

fragment ions characteristic of the structures of compounds, and/or to 

quantify known compounds (organic mass spectrometry).  

To obtain the most reproducible and comparable series of data from an LC-

MS separation it is advisable to run several (ideally 20) quality control (QC) 

injections at the start of the run to condition the column115.  A QC is typically 

made up of pooled sample and is used to monitor the performance of the 

instrument run.  This is important to reduce retention time drift between 

runs and to equilibrate the column to the type of sample being analysed by 

masking certain binding sites.  It is also a possibility that the MS optics and 

electronics may heat up at the start of data acquisition, and therefore require 

several injections to reach equilibrium116–118. 

It is advised that QC injections are also inserted throughout the run (every 5 

to 10 sample injections); this serves to check the data remain reproducible 

throughout the run.  They can also be used to correct for batch drift during 

statistical analysis.  Blank solvent injections should also be periodically 

included to check for carryover on the system.  The samples are typically 

injected in a randomised order, to reduce the effects of instrument drift.  

Technical replicates (multiple injections of the same sample) are often used to 

check for instrument reproducibility. Several batches of randomised 
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technical replicates can be ran, and they can be used to minimise batch 

drift119. 

 

2.2.4 Liquid Chromatography 

Generally, the most commonly used separation methods for metabolomic 

studies are reversed phase and hydrophilic interaction liquid 

chromatography (HILIC)120. Reversed-phase column stationary phases are 

generally made up of silica particles covalently bonded to hydrophobic alkyl 

chains, such as a C18 functional group121–123.  HILIC can retain more polar 

compounds 118. The bonded stationary phase for HILIC is made up of a 

zwitterionic functional group with a net charge of zero (made of two 

functional group with opposing charges). HILIC is thought to work by the 

hydrophilic partitioning of compounds into the water rich stationary phase 

sequestered by the zwitterionic compounds, and also weak electrostatic 

interactions124.  Recently, T3 columns have become popular, and have found 

applications in plant metabolomics106,125.  T3 columns, similarly to C18 

columns, are made up of silica particles covalently bonded to hydrophobic 

alkyl chains, but they also have some polar functional groups attached, so 

that these columns can retain both polar and some apolar compounds. T3 

columns serve as a good compromise between C18 and HILIC by saving 

both time and sample by avoiding the need for separate HILIC and RP 

analyses126.  

 

2.2.5 Mass Spectrometry 

Liquid chromatography (LC) is typically coupled to MS in metabolomics 

applications.  Mass spectrometry is a powerful analytical tool in which 

chemical species are ionised and sorted based on their mass to charge (m/z) 

ratios. Before the compounds enter the mass analyser, they are ionised. 
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Electrospray ionisation (ESI) is a soft ionisation technique; ions are produced 

with low internal energies, so generally do not fragment during the 

ionisation process127.  Structural information can be gathered from MS/MS 

analysis, such as product ion analyses, often coupled with collision-induced 

dissociation (CID)128–130.  

There are many designs of instruments that can be used for LC-MS and 

MS/MS analyses.  High m/z resolution and high m/z accuracy instruments, 

such as the Orbitrap family of instruments and Fourier transform ion 

cyclotron resonance (FTICR) instruments, offer some of the best performance 

for metabolomic analyses (as used in Chapters 4, 5 and 6).  A detailed 

description of MS instrumentation is provided in Section 2.3 and liquid 

chromatography in Section 2.4. 

 

2.2.6 Statistical Analysis 

Once the raw LC-MS or MS/MS data files are obtained, the next step involves 

spectral processing.  There are many different software packages which can 

be used to help process the raw data; in the work described in this thesis the 

software Progenesis QITM  was used131 and the process, involving peak-

picking, spectral alignment and normalization, is briefly described below.  

Progenesis QI aligns the chromatographic runs, compensating for small 

between-run variations that may arise during the chromatography. One run 

is chosen as the alignment reference against which the remaining runs are 

aligned, and the alignment can be performed automatically or manually. 

Alignment vectors connect the location of a feature (identified by its 

retention time and m/z value) in the reference run with the equivalent feature 

in the run that is being aligned.  

An experimental design can be created to group together samples that have 

received the same treatment or are of the same sample class. Next, features, 
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with their intensities, across all the runs are identified through a peak-

picking/alignment procedure. In order to ensure consistency, all the features 

found across the full range of runs are collected together into a merged or 

aggregate data set; overlapping features can be distinguished. Several 

parameters, such as peak width and feature intensity, can be employed at 

this stage to reduce or increase the number of peaks picked.  This can be 

helpful to reduce the size of extremely large datasets. 

Progenesis can be configured to recognise protonated, ammoniated, sodiated 

and other molecules of the same species from a user-specified list of expected 

charge-bearing species for the ionisation mode used. By recognising each of 

the different charged species for a single component, the intensities of all the 

differently-charged ions from the same compound can be included in the 

intensity calculation, improving the chances of detection and the accuracy of 

representation of that feature’s abundance. The data are normalised by 

calculating a scalar multiplier which is applied to each feature abundance 

measurement. Each run can be normalised to a run selected as the 

normalisation reference. This is important so that features can be compared 

across different runs correcting for experimental and technical variation and 

statistical bias.  

In order to understand how the component abundances are changing across 

the different experimental groups being compared, statistics are generated 

for each component.  ANOVA provides a statistical test to determine if the 

means between two or more groups are all equal132,133.  The ANOVA p-value 

is calculated to help understand if variance between the abundance of a 

feature in two experimental groups is significant.  A small p value (less than 

0.05) implies statistical significance. Setting a threshold of p less than 0.05 

means that 5 % of the values may be false positives. To overcome the 

likelihood of false positives due to multiple testing, multiple testing 

correction approaches can be used, such as the q-value (adjusted p values) 
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which is calculated using a false discovery rate (FDR) approach or the 

Benjamini–Hochberg correction134 

Further statistical tests are typically carried out at this point. In metabolomics 

data analysis workflows, both univariate and multivariate statistical methods 

can be employed134,135.  In the work described in this thesis, Matlab was used 

to carry out the statistical analysis using the package ‘metabolab’136.  The data 

can be ‘de-zeroed’ at this point. This means features that are not detected in a 

certain minimum percentage of runs are removed from the dataset. The data 

can also be batch corrected to compensate for retention time drift, using the 

behaviour of the repeated QCs to enable this correction.  Unsupervised 

principal components analysis (PCA) can provide a summary of all the 

variables (in the case of metabolomics m/z, tR and intensity) by finding the 

correlation between variables. In this manner, similarities and differences 

between the samples can be found. The reproducibility of the instrumental 

analysis can be determined by examining how tightly the QC sample data 

cluster. Good reproducibility will result in tight clustering of the QC data in 

the PCA plot. Supervised methods, such as partial least squares-discriminant 

analysis (PLS-DA), can be used for classification/discrimination purposes, 

allowing inference of those variables that maximise the discrimination 

between the predefined sample groups134,137. 

 

2.2.7 Identifying Small Molecules Using High Resolution High m/z 

Accuracy Mass Spectrometry 

Following untargeted metabolomics experiments, a list of candidate masses 

and retention times is identified. Alternatively, candidate analytes can also 

be identified from reports in the literature.  It is possible to begin to propose 

candidate assignments of features for which accurate masses and thus 

elemental compositions are known, and that appear to be discriminatory 

between sample classes. An integrated approach that gathers metabolite 
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information such as the m/z, product ion profiles, and retention time profiles, 

and then matches this information with that obtained from reference 

compounds, literature, and spectral databases is typically used138. 

A range of different possible levels of identification has been proposed by 

Schymanski et al. 130 . 

 Level 1. Confirmed structure: MS, product ion data, tR reference 
standard. 

 Level 2a. Probable structure: MS, product ion data 
 Level 2b. Probable structure: MS, product ion data, diagnostic 

experimental context. 
 Level 3. Tentative candidate(s): Probable structure: MS, product ion 

data, diagnostic experimental context. 
 Level 4. Unequivocal molecular formula: MS isotope/molecular 

species 
 Level 5. Exact mass: MS 

 

Level 1 is the ideal situation, where the proposed structure has been 

confirmed by reference to an authentic standard with matching MS, product 

ion data, and retention time. Level 2a can be used when there is no suitable 

reference standard, but the MS and product ion data match library spectral 

data. Level 2b is when MS and product ion data indicate only one possible 

structure for the molecule, but no literature or reference standard is available 

to validate the assignment. Level 3 indicates that MS and product ion data 

point to several possible structures, with the correct structure being 

speculative. Level 4 describes a situation where the exact elemental formula 

can be assigned using MS, isotopes and charge-bearing species, but there are 

no fragment data that can be used to assign a possible structure. Finally, level 

5 is an exact mass, but further information such as isotope patterns is lacking, 

meaning that a formula cannot be assigned confidently.   
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2.3  Mass Spectrometry 

Organic mass spectrometry is the primary means of identifying metabolites 

used in the studies described in this thesis. A mass spectrometer comprises a 

sample inlet, an ionisation source, a mass analyser which separates and 

measures the m/z of the resulting ions, and a detector. Usually, a computer is 

used to control the instrument and to record the data.   

2.3.1 ESI 

Before entering the mass analyser the sample must be ionised, making the 

analytes manipulable using electric and magnetic fields. In ESI, the analytes 

are introduced in the liquid phase at atmospheric pressure, useful when 

liquid chromatography is coupled to MS.  ESI has been described in detail by 

Bruins139. Nanospray ionisation is a development of ESI for performing 

analysis with limited sample volumes, or fragile analytes. Nanospray only 

requires very low volumes (µL) of very low concentration sample solutions 

(nmol/mL).  

Figure 2.2 shows a schematic of an ESI source. The solvent (containing 

dissolved analytes) flows through a capillary to which a voltage is applied. 

Depending on the resulting charge on the analytes, they are either attracted 

to or repelled by the charged capillary walls. In positive-ion-mode, 

negatively charged species are removed by discharging against the positively 

charged capillary walls, while positively charged ions are repelled by the 

capillary walls and each other. In the negative-ion-mode, this is reversed. 

Often formic acid is added to the solvent to provide protons to aid the 

formation of positive ions. The charged liquid exiting the capillary forms a 

Taylor cone and when repulsion of the like charges exceeds the Rayleigh 



- 51 - 

 

limit†† the cone ‘explodes’, budding into droplets and the nebulising gas (N2) 

helps form an aerosol. Drying gas can be used to aid solvent evaporation.  

Figure 2.2: Schematic of an ESI source. 

 

There are two mechanisms by which the ions in the droplets formed by this 

process are thought to arrive in the gas phase: the ion evaporation model and 

the charge residue model. 

2.3.1.1  Ion Evaporation Model (IEM): 

The IEM suggests that as the solvent evaporates the gas phase ions are 

ejected individually from the droplet due to charge repulsion when the 

droplet has reached sufficient charge density, as shown in Figure 2.3. There is 

evidence that this model is accurate for smaller (in)organic molecules140. 

 

††  The maximum amount of charge a liquid droplet can carry. 

Figure 2.3: Ion evaporation model of gas-phase 
ion production in ESI. 
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2.3.1.2 Charge Residue Model (CRM): 

The CRM is similar to the IEM, but in this model, as the solvent evaporates, 

the droplets undergo multiple rounds of solvent evaporation and droplet 

‘explosion’. As solvent evaporates from the droplets they reduce in size and 

their charge density increases. When the charge density reaches the Rayleigh 

limit the droplets become unstable and explode into smaller droplets, which 

then continue to shrink due to solvent evaporation until just one desolvated 

gas-phase ion remains from each droplet (Figure 2.4).  There is evidence this 

mechanism is accurate for higher molecular weight molecules, such as 

proteins141. According to the CRM, all of the charge carried by a droplet can 

reside after solvent evaporation on a single ion. The radius of the smallest 

droplet is equal to the ion radius with one extra monolayer of solvent and is 

constrained by the Rayleigh limit. Comparison of the ion charge (z) with the 

Rayleigh limit in the study by Fernandez de la Mora141 suggests that for 

larger ions, gas-phase ion production proceeds by the CRM.  

 

 

 

 

 

Figure 2.4: Charge residue model of gas-phase ion 
production in ESI. 
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2.3.2 Mass Analysers 

Following ionization, the analytes are separated according to their m/z in the 

mass analyser. 

2.3.2.1 Fourier Transform Ion Cyclotron Resonance  

FTICR-MS is a technique that has excellent m/z accuracy and m/z resolution 

(described by Marshall et al.142). FTICR works on the principle that ions 

traveling at low velocity in a strong magnetic field can be trapped in 

cyclotron motion, as described by Equation 2.1. The frequency at which the 

ions circle in their cyclotron motion is proportional to their m/z. All ions of 

the same m/z have the same cyclotron frequency, independent of their kinetic 

energies. The mass of the ions can be determined from the measured 

frequency of the cyclotron motion. 

 

 

𝜔 =
𝑧𝐵

𝑚2𝜋
 

Equation 2.1 

 

ω = cyclotron frequency  

z = charge on ion 

m = mass of ion 

B = magnetic field strength 
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In an FTICR instrument, ions are trapped in a Penning trap which at its 

simplest is essentially a small box, usually several centimetres in diameter, 

consisting of three sets of orthogonally arranged pairs of parallel plates: the 

trapping plates, excitation plates and detection plates (Figure 2.5). The ions 

are injected into the trap along the axis of the magnetic field (produced by a 

superconducting magnet) and are trapped into cyclotron motion by the 

magnetic field. 

 

 

 

Trapping plates are positioned perpendicular to the magnetic field and a 

small voltage is applied across them, to prevent the ions from escaping the 

trap. The electric field generated by the trapping potential causes a radial 

force to be exerted on the ion. This results in a magnetron rotation.  The 

magnetron and trapping frequency (due to the axial electric field created by 

the trapping plates) are very small, post excitation (see below), compared to 

the cyclotron frequency. 

Figure 2.5: Diagram of an FTICR cell, the purple arrows show the 
direction of motion of the ions. 
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The cyclotron radius of an ion is usually too small to enable the ions to be 

detected by the detector plates, because the ions do not travel close enough 

to the detector plates to induce an image current. To be able to detect ions, 

their cyclotron radius needs to be enlarged, so that they circulate close to the 

detector plates. This is achieved by applying an excitation voltage at their 

resonant frequency - for a range of m/z values, a range of resonant 

frequencies is required. When the excitation voltage is applied the radii of 

the ion’s cyclic paths are increased (due to the extra kinetic energy). This has 

the added effect of bringing all the ions into phase. This is important because 

the current induced by one ion at a detector plate traveling offset by 180o 

from another ion cancels out the current induced by the other ion. 

During an FTICR-MS experiment, a range of frequencies is scanned over the 

excitation plates; this is known as chirp or a frequency sweep. This results in 

coherent packets of ions of particular m/z ratios becoming excited, as their 

respective resonant frequency is reached, and traveling in cyclotron motion 

of a particular radius. When the packets travel past the detector plates an 

image current is induced. The current can be measured many times as the 

ions orbit the Z-axis (Figure 2.5) and averaged, increasing the resolution  of 

the m/z determination. The Penning trap is kept under ultra-high vacuum to 

reduce collisions within the trap between ions and neutral molecules, which 

may cause a loss of energy and coherence of the ion packet. 

As the ions cycle, an image current is generated at the detector plates. The 

image current is very complex, as ions of different m/z travel with different 

frequencies. The image is collected in the time domain and is converted to a 

mass spectrum using Fourier transformation. 
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2.3.2.2 Quadrupole Mass Analysers 

A quadrupole can be used as a scanning or static mass analyser. In scanning 

mode, the instrument is set up to allow ions of sequential m/z to travel stably 

through the quadrupole; ions with m/z values that have unstable trajectories 

hit the poles or pass  

between them and are lost. In scanning mode, the quadrupole has a 

relatively low duty cycle, because only one m/z value at a time is transmitted 

stably through the rods to the detector as the mass range is scanned. In static 

mode, the quadrupole has excellent duty cycle, and is set to transmit one m/z 

or small m/z range only. The quadrupole consists of four hyperbolic or 

circular rods held parallel to each other and electrically connected in 

opposite pairs, Figure 2.6143. Potentials are applied by supplying radio 

frequency (RF) and direct current (DC) voltages. One pair of rods has a 

positive DC potential applied to them and the other has a negative DC 

potential applied. Ions are introduced at one end of the quadrupole, travel 

the length of the quadrupole and are detected at the opposite end (or into 

another device, such as another mass analyser). 

 

As positive ions enter the quadrupole they are repelled by the positively 

charged rods, keeping the ions in the centre of the quadrupole. The polarity 

of the voltage applied is mostly positive but switches briefly to negative due 

to the RF component of the applied potential, which means the sign of the 

Figure 2.6: Diagram of a quadrupole mass analyser, showing 
opposite rods electrically connected. Blue rods are positive 
charged and brown are negatively charged. 
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potential is constantly changing. When this happens, the ions will change 

direction because they are now being repelled by that rod but attracted by 

the oppositely charged pair of rods, which attract the positive ions. 

Ions with m/z values below the stable m/z hit the rods and are discharged 

before the rods return to positive polarity and can repel them away again. 

Higher m/z ions are also attracted to the rods, but remain stable as the 

polarity switches back before the ion can react, due to their higher inertia. In 

this manner the positive rods act as a low mass filter, that removes low m/z 

ions but allows through high m/z species. 

Conversely the negatively charged rods act as high mass filters. Positively 

charged ions are attracted to the negative rods. When the rods briefly change 

polarity to positive the higher m/z ions are repelled by the rods, but are not 

repelled back to the middle of the rods due to their inertia, and so have an 

unstable trajectory and are lost. Ions with m/zs below the stable m/z are 

repelled back to the middle of the quadrupoles and so are able to follow a 

stable trajectory. Ions can only be transmitted through the mass analyser if 

they are stable to both the high and low mass filters‡‡.  In order to record a 

mass spectrum, the magnitudes of the RF and DC voltages applied to the 

poles are scanned. Stable ions of different m/z are permitted through the filter 

sequentially in this manner. To record an entire mass spectrum, the range of 

stability is scanned across the entire m/z range, making a measurement at 

each step. 

The quadrupole can also be operated in fixed mode; this is when the RF and 

DC applied potentials are kept constant in order to transmit ions of a 

particular m/z. Or it can be set to oscillate between several different potentials 

to select several m/z ions in turn. The quadrupole can also be used as a 

 

‡‡ High mass filter is when larger m/z ions are discharged on the rods.  Low 
mass filter is when low m/z ions are discharged on the rods. 
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collision cell. In this instance, only RF is applied, while DC voltage is not 

applied (so moving all ions into the stable region). Ions are accelerated into 

the  collision cell, which is pressurised with inert gas with which the ions 

collide, causing them to undergo collision induced dissociation (CID).  

 

2.3.2.3 Orbitrap 

The Orbitrap mass analyser consists of three electrodes.  The two outer, cup-

shaped grounded electrodes face inwards and are secured by a central, 

insulating ring. The third electrode, a spindle-like central electrode, holds the 

trap together and aligns it via dielectric end-spacers144. Ions are injected 

(tangentially to the radius of the spindle electrode) into the volume between 

the central and outer electrodes (Figure 2.7).   

 

Figure 2.7: Simplified diagram of Orbitrap mass analyser (adapted from 
http://planetorbitrap.com). 

 

The ion source is external to the trap.  Capturing ions from the source is 

performed using ‘electrodynamic squeezing’ (in the C-trap – Figure 2.8), 

where ions experience an increase in electric field strength as they enter the 

trapping field. The outer electrodes remain at a fixed potential while the 

potential on the central electrode is ramped down (for positive ions). Ions 

entering the field cannot escape and are trapped by the trapping potential. 
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Voltage is then applied across the central and outer electrodes, inducing a 

radial electric field which bends the ion trajectory toward the central 

electrode while tangential velocity creates an opposing centrifugal force.   

Under the correct conditions, ions can be induced to orbit the spindle and the 

ion trajectory assumes the shape of a complicated spiral.  When ions start 

their motion at the correct energy and radius, stable trajectories result.  

Unlike in an FTICR, the resulting cyclic frequency of the ions is dependent 

on the kinetic energy of the ions. 

The axial electric field caused by the conical shape of the electrodes pushes 

ions toward the widest part of the trap, bringing the particles into phase and 

initiating harmonic axial oscillations. The outer electrodes are used as 

detection plates for an induced image current which is Fourier-transformed, 

similarly to in FTICR, and then converted into a mass spectrum.   

Figure 2.8 shows a schematic of the Orbitrap instrument used in the work 

presented in this thesis: the Orbitrap Fusion Tribrid.  Most Orbitrap-

containing instruments are hybrid quadrupole-Orbitrap instruments, in  

Figure 2.8: Schematic of the Thermo Scientific Orbitrap Fusion™ Tribrid™ 
(Adapted from http://planetorbitrap.com). 
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which ion fragmentation occurs in the higher energy collisional dissociation 

(HCD) cell (marked as ion-routing multipole in Figure 2.8) or at lower 

energies in the linear ion trap. Afterwards, the subsequent fragments are 

accelerated and cooled down in the C-trap145, where a high radiofrequency 

(RF) voltage retains the fragment ions. Subsequently, these fragment ions are 

injected and separated inside the Orbitrap mass analyser based on their 

frequencies.  Alternatively the product ions can be injected into the ion trap 

which increases the instrument’s duty cycle, but decreases the resolution of 

the product ion spectra. 

2.4   High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC) is a separation technique.   

The basic theory of chromatography is that the analyte mixture is carried by 

a mobile phase through a column containing a stationary phase.  The analyte 

mixture becomes separated depending on the interaction of each analyte 

with the stationary phase which is determined according to their 

physicochemical properties.  HPLC is often coupled to a mass spectrometer. 

HPLC is advantageous over direct injection into a mass spectrometer as it 

can be used to separate complex mixtures before they enter the ionisation 

source. Reducing the complexity of mixtures entering the ion source (as in 

HPLC) results in reduced charge competition in the ion source. Another 

advantage of using HPLC is that it can be possible to separate isomers146. 

Analyte mixtures are loaded onto the top of the column in solution in the 

liquid phase (mobile phase). The column is packed with stationary phase 

material and in many separations the analytes partition between the 

stationary and mobile phases. Analytes are retained on the column to 

varying degrees according to their partitioning behaviour, resulting in them 

moving through the column at different speeds and eluting with different 

retention times (Figure 2.9). The partitioning of an analyte (A) between the 
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mobile and stationary phases can be described as an equilibrium (equation 

2.2). Analytes with a higher partitioning constant (Kd) (equation 2.3) spend 

more time in the stationary phase, and hence have a longer retention time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A(mobile phase)   ⇌       A(stationary phase) 

A = Analyte  

 

Equation 2.2 

 

 

Figure 2.9: Diagram illustrating how the analytes elute from an LC 
column at different rates, dependent upon their physicochemical 
properties.  The analytes (represented by colours and shapes in the 
diagram) indicate components with different physiochemical 
properties resulting in different elution times due to interactions with 
the column.   
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Where the partition constant is described as: 

 

𝐾ௗ =
[Aୱ୲ୟ୲୧୭୬ୟ୰୷ ୮୦ୟୱୣ]

[A୫୭ୠ୧୪ୣ ୮୦ୟୱୣ]
 

 

Equation 2.3 

 

The efficiency of chromatographic separation is determined by the 

theoretical plate height. Plate height is the length of column required for one 

equilibration event of analyte partitioning between mobile and stationary 

phase. The more theoretical plates a column possesses, the more separation 

events it can host and thus the more efficient the separation, so it is 

important to minimise plate height if separation is to be maximised.  

However, in practice it is often a compromise between separation and 

column length and time. Flow rate of the mobile phase through the column is 

linked to the theoretical plate height through the van Deemter equation 

(equation 2.4). 

 

𝐻 = 𝐴 +  
𝐵

𝑢 
+ 𝐶𝑢  

H = plate height 

A = eddy diffusion  

B = longitudinal diffusion   

C = mass transfer 

u = mobile phase flow rate 

Equation 2.4 
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As can be seen in equation 2.4, to minimise plate height (H), A, B/u and Cu 

should be minimised. Eddy diffusion (A) refers to the multiple paths that 

analyte molecules may take as they proceed down a column packed with 

particles; because the paths may be different lengths the band corresponding 

to a single component is broadened, so reducing separation efficiency. Small 

particle size column packing can help reduce this band broadening by 

reducing the potential differences in path lengths. However, use of small 

particles increases the resistance to solvent flow. Efficient systems can be 

achieved using very small particles (1.7 – 5 µm) but need solvent pressures 

up to 400 bar. 

Longitudinal diffusion (B) is caused by diffusion of analytes spreading along 

the column as they travel down it and can also cause band broadening. 

Increasing the mobile phase flow rate (u) reduces band broadening due to 

longitudinal diffusion, as the analytes are pushed through the column more 

quickly, so the opportunities for diffusion are reduced. The mass transfer 

term (C) arises because it takes a certain amount of time for the analytes to 

partition between the mobile and stationary phases. If the mobile phase 

velocity is too high then analyte in the mobile phase moves ahead of analyte 

in the stationary phase, resulting in band broadening. Therefore, in order to 

minimise H, a compromise must be made in mobile phase flow rate to allow 

enough time for separation events to take place, without compromising 

separation due to band broadening. 

Several factors can be used to improve column efficiency including using a 

mobile phase gradient. When using reversed phase chromatography, this 

usually involves starting with low and moving to high organic content over 

the course of the separation. This speeds up the elution of hydrophobic 

compounds, so reducing the opportunity for longitudinal diffusion to cause 

band broadening and reduce efficiency. Other factors that may improve LC 
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separation efficiency include optimising the material and size of the column 

packing material, and the column internal diameter. 

 

2.5  Analytical Technology and Software Used in Isotope Ratio 

Analysis 

2.5.1 Considerations for Sampling 

When preparing samples for isotope ratio mass spectrometry it is imperative 

that they are completely dry, so the samples are lyophilised. The samples are 

homogenised by grinding, in order to make the sample taken representative 

of the bulk. 

 

2.5.2 Isotope Ratio Mass Spectrometry (IR-MS) 

Very slight variations in the ratios of isotopes can be measured using an IR-

MS. The IR-MS the intensities of the different stable isotopes  of targeted 

elements and enables the ratio of the intensities of heavy isotopes to light in a 

given sample to be compared with that of a standard. The differences in 

ratios are expressed with the δ notation, in units of per mille (‰). Equation 

2.5 gives the stable isotope ratio equation: 

 

 

𝛿𝑋 =  
𝑅௦௔௠௣௟௘ −  𝑅௦௧௔௡ௗ௔௥ௗ

𝑅௦௧௔௡ௗ௔௥ௗ
∗ 1000 

 

Equation 2.5 
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where R = the intensity of the heavier/intensity of the lighter isotope, so 

15N/14N for nitrogen, 18O/16O for oxygen, and 13C/12C for carbon. The standard 

against which samples are compared is atmospheric N2, which is assigned a δ 

value of 0 ‰ for nitrogen, and Vienna PeeDee Belemnite (VPDB) for carbon 

(assigned a δ value of 0 ‰ ) and Vienna Standard Mean Ocean Water 

(VSMOW) for oxygen. 

 

Isotope fractionation occurs via two processes: kinetic and equilibrium 

isotope fractionation. Heavier isotopes of the same element form stronger 

bonds to other atoms than does the lighter isotope (larger zero-point 

vibrational frequency)147. The kinetic isotope effect derives from the 

difference in energy required to break a bond containing a heavier isotope 

when compared with the lighter isotope; more energy is required to break a 

bond with a heavier isotope.  Isotopologuesg of the same molecule react at 

different rates if in the rate limiting step a bond involving an isotopic bond is 

broken or formed. The equilibrium isotope effect occurs because more 

energy is required to dissociate the bond of a heavier isotopologue than a 

lighter one.   

In an isotope ratio measurement, the samples are first homogenised and 

combusted in a 1000 oC furnace in the presence of oxygen, chromium oxide 

and silvered copper oxide to remove oxides. All carbon in the sample is 

converted by combustion to CO2. Nitrogen-containing compounds are 

converted to N2 gas and different oxides of N, denoted NOx. The resultant 

gases are carried by a helium stream and passed through a copper oxide 

reduction unit, which converts NOx products to N2. N2 and CO2 are then 

separated using a GC column before the entering the IR-MS; N2 elutes first 

followed by CO2. 
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N2 and CO2 are ionized in the ion source by electron ionization. The ions are 

then accelerated into a flight tube, then separated by their different m/z 

values in a magnetic field; the ions are deflected into circular paths whose 

radii are proportional to their m/z values (Figure 2.10).  

 

Figure 2.10: Diagram showing the separation of ions in an IR-MS 
instrument. 

 

The different m/z species are collected in Faraday cups, each cup collecting a 

different isotope. The Faraday cups are positioned to receive ions of m/zs 28, 

29 and 30 for N2 and 44, 45 and 46 for CO2. A Faraday cup is a conductive 

cup designed to catch charged particles in a vacuum. The resulting current 

can be measured and used to determine the number of ions hitting each cup. 

The ratios of signals from each cup determine the isotope ratio for the 

samples.  The mass analysers described in the mass spectrometry section 

(2.3) cannot be used for these measurements as they are not able to determine 

accurately enough the very small differences in isotopic signal intensities that 
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these analyses demand, because the  signal to noise ratios are not good 

enough, however some recent progress is being made in the use of Orbitrap-

based instruments to measure isotope ratios for components of complex 

mixtures148. 

Several replicates are often required for accuracy, and replicate precision. 

Sample uncertainty is also measured.  Samples with high uncertainty are 

generally removed from an experiment’s dataset.  Accurate weighing of the 

samples is important to calculate δX values and X% values. Standards with 

known δX values are used to monitor instrumental performance.  They are 

injected every 6-10 samples in a sequence.  The quality control of a sequence 

is monitored by assessing the variation in the measurements obtained for 

standards throughout the run, the standard measurements are corrected and 

sample δX values are calibrated to the known standard measurements.  

Typical standards for a carbon and nitrogen isotope ratio experiment include 

fish gelatine, sugar cane and caffeine, for each of which, standardised isotope 

ratios have been determined. When measuring oxygen isotope ratios sucrose, 

sugar cane, benzoic acid and cellulose can be used. 

 

2.5.3 Compound-Specific Isotope Ratio Mass Spectrometry 

In order to rationalise the expression of bulk δ15N signatures, it is useful to 

investigate the δ15N values for the molecular components that contribute to 

the bulk signal77.  For δ15N, the main N-containing species is protein, and so 

breaking down protein to its constituent amino acids (AAs) and measuring 

the δ15N of each can allow a deeper understanding of the complex 

biochemical processes that contribute to the sample’s bulk δ15N value.  

Compound-specific isotope analysis is carried out using GC-C-IR-MS. 

Protein is extracted from the source material, and hydrolysed to its 

constituent AAs. The amino acids are derivatised and separated using gas 
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chromatography. The separated amino acids are then combusted on-line and 

the resultant gases are then introduced into an IR-MS as described above 

(Section 2.5.2). 

Typically, protein is split into its constituent amino acids by acid hydrolysis; 

commonly 6 M HCl with heating (110 oC for 24 h).  The acid-hydrolysis 

reaction with 6 M HCl results in the addition of water to each covalent 

peptide bond and results in constituent AAs, with some exceptions. 

Tryptophan, serine and threonine can be destroyed during the reaction and 

the sulfur-containing amino acids cysteine and methionine cannot be reliably 

measured due to partial destruction of the amino acids.  Lysine is reactive 

with reducing sugars and can produces Maillard products.  Ala–Ala, Ile–Ile, 

Val–Val, Val–Ile, Ile–Val, and Ala–Val linkages have been found to be 

resistant to hydrolysis, but this can be solved by increasing the length of the 

hydrolysis procedure149.  Asparagine and glutamine side chain amides are 

hydrolysed to acids to form aspartic acid and glutamic acid, respectively.  

Following hydrolysis, contaminating lipids are removed using solvent 

extraction; often hexane is used for this purpose.  When the samples have 

been filtered they are derivatised, so they can be analysed using GC-C-IR-

MS.  Esterification and acetylation are optimal derivatization strategies for 

GC analysis150. 

Amino acid standards are used during a compound specific IR-MS 

experiment.    An international standard is made using alanine, glycine, 

valine, norleucine is also typically used.   The δ15N values measured are 

calibrated to the international standard using a calibration curve  and then 

drift corrected to norleucine.  Typically, samples are analysed in triplicate  

and the international standard mixture can be injected every three runs to 

monitor instrument performance. 
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2.6  Summary 

The background to this PhD have been explored in Chapter 1 and the 

instrumentation and approaches used have been surveyed and discussed in 

Chapter 2. The research results that these first two chapters underpin follow.  

Briefly,  Chapter 3 presents the results of bulk and individual amino acid 

nitrogen isotope ratio analyses of experimentally drought stressed maize and 

archaeological maize from Tularosa Cave are presented here. Oxygen isotope 

ratio analysis of cellulose from experimentally drought-stressed maize and 

the Tularosa archaeological samples are also included in this chapter.  

In Chapter 4 the effect of lyophilisation on stabilising metabolites was 

investigated. The results of untargeted metabolomics experiments on 

drought treated modern maize and the Tularosa archaeological maize are 

presented here. In chapter 5 the metabolome of the Tularosa maize is 

investigated; including drought-related metabolites.  Ageing experiments 

(Chapter 6) were used to help interpret how the metabolites may have 

changed with diagenesis to help deconvolute the effects of diagenesis from 

those of drought. Finally, Chapter 7 contains an overview of the results and 

recommendations for future work.



Chapter 3. Stable Nitrogen 

Isotopes Reveal Archaeological 

Maize Adapted to Drought in 

Southwestern US  

 
 
In review at Scientific Reports as ‘Stable nitrogen isotopes reveal archaeological 
maize adapted to drought in Southwestern US’.  
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3.1 Abstract 

Understanding how crops have responded to drought stress in the past is 

becoming increasingly important due to climate change. Here we explore the 

utility of nitrogen isotope ratio data (δ15N) to identify varieties of maize 

grown under different hydrological regimes. Archaeological maize cobs from 

Tularosa Cave, New Mexico, cultivated during two different climate regimes 

(wet ca. 1800 cal BP and dry ca. 700 cal BP) were distinguished through δ15N 

measurements of bulk material and individual amino acids. The results show 

that farmers successfully cultivated maize during severe drought conditions, 

implying their crops had adapted to the drier climate. These findings 

complement previous paleogenomic analysis of Tularosa maize cobs 

suggesting selection for drought resistance-related genes. Adaptation of 

crops to climate change took many centuries resulting in extant landraces 

that could be advantageous to modern producers. 

3.2  Introduction  

Drought stress is a pressing issue faced by modern arable farmers globally. 

Maize, rice and wheat contributes 30% of calories to more than 4.5 billion 

people, including to those from some of the poorest countries in the world1. 

Maize is also an essential animal feed and increasingly used as a biofuel. 

Maize agriculture in the present-day Southwestern United States has 

historically faced sparse and unreliable levels of precipitation, resulting in 

several pan-regional droughts in the last 2000 years3–5.  Various technologies 

have been adopted to mitigate the effects of drought, such as canal irrigation 

and lithic mulching46,47,48.    

Here we used the exceptional archaeobotanical record at Tularosa Cave, 

New Mexico15 (Figure 1.3), to examine the effect of drought on maize.  At this 

site, a large assemblage of ancient maize cobs is exceptionally well preserved 
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due to desiccation and provides a unique opportunity to examine the effect 

of drought on maize through chemical, isotopic, and genetic analyses of 

preserved biomolecules.  Direct radiocarbon dating of maize cobs has 

revealed two temporally distinct periods of occupation: older (1830 - 1719 BP, 

95.4% Cl) and younger (771 - 681 BP, 95.4% Cl)151. Through deoxy DNA 

analysis, two genetically discrete groups were identified corresponding to 

the periods of occupation, with  the older population  ancestral to the 

younger50, although the limited sample size of radiocarbon and genomic 

analysis does not preclude outliers. Records of stalagmites from caves in the 

Sacramento Mountains, New Mexico, show that during the earlier 

occupation of Tularosa Cave the annual precipitation was higher than at 

present, and that the more recent occupation was in a time of severe drought 

(Figure 1.45); tree-ring data also show that this region experienced drought 

during the mid-1200s AD4,152,153.  The early maize cobs are described as 

‘pineapple-shaped’151, referred to in this text as ‘ovoid-shaped’, short in 

length with a thick midsection and small kernel form, consisting of 10–12 

rows of kernels. The later corn is described as ‘cylindrical’ in shape with a 

thin midsection and 8–10 rows of larger kernels. It is hypothesized that the 

morphologically distinct sets of maize reflect an adaptation to climate 

change. Genomic analysis of these samples60,151 has shown that loci associated 

with drought tolerance (dehyd1A) and sugar content (ae1 and su1) in the later 

cylindrical-shaped maize cobs might have undergone episodes of selection 

between the earlier and later occupation phases at Tularosa. Yet direct 

evidence that the maize was able to withstand the harsher, drier conditions 

so far has not been forthcoming.  

Here, we determined experimentally how the δ15N values of modern maize 

respond to drought conditions, and then measured both δ15N in bulk tissue 

and single amino acids from samples from both the earlier and later 

occupations of Tularosa Cave. Nitrogen in the form of nitrate and 
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ammonium is absorbed by plants from the soil. Various biotic and abiotic 

processes cause isotopic fractionation resulting in variations in δ15N 64.  It has 

been noted that plants grown in arid locations and during drier seasons tend 

to have higher δ15N values than those grown in comparatively wetter 

conditions 68,154.  We also investigated the potential value of both bulk and 

cellulose carbon isotope data in understanding drought stress to complement 

the δ15N studies.  

3.3  Results 

3.3.1 Plant Growth Experiments  

To test how bulk nitrogen isotopes vary in response to aridity, we 

experimentally grew maize under drought and well-watered conditions for 

isotopic analysis.  Two inbred lines of maize, B73 which is drought 

susceptible, and B76 which is drought resistant155, were selected.  The maize 

was grown to maturity and grain-fill in three different conditions: well-

watered control, moderate drought (2 weeks’ drought at the three-leaf stage) 

and severe drought (two weeks’ drought at the three-leaf stage and a further 

week at the grain-fill stage).  The bulk nitrogen isotope ratios of inner cob 

material (pith) were measured using IR-MS. Nitrogen is utilised differently 

in the inner cob and the kernel156,157, due to different metabolic requirements 

across tissue types, so the kernels were separated from the inner cob.  Table 

Appendix 2 shows the %N and δ15N signatures for each sample, and Figure 

3.2 shows plots of %N versus δ15N for the kernel and inner cob samples from 

the B73 and B76 lines.   

It is striking how low the drought-susceptible B73 inner cob %N is in the 

well-watered control group (mean 0.35 %) when compared with the 

moderate (1.79 %) and severe drought (3.16 %) groups (Figure 3.1b, Table 

Appendix 2, Wilcoxon rank sum, p=0.0061).  Similarly, there is an increase in 

the δ15N values in the B73 inner cob drought-treated groups, when compared 
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with the well-watered treatment (Figure 3.1b).  The well-watered samples 

have a mean δ15N value of -6.26 ‰; samples that experienced drought in the 

three-leaf growing stage had the highest mean δ15N value of -3.69 ‰ and 

samples that experienced drought at both the three-leaf and grain-fill stages 

had a mean δ15N signature of -4.33 ‰.   The pattern of heavy isotope 

enrichment with drought stress is also seen in the drought-tolerant B76 inner 

cob samples (Figure 3.1d).    

The kernel δ15N signatures however show a more complicated picture.  The 

drought-tolerant B76 maize kernels showed a slight increase in mean δ15N 

value over well-watered values for both drought regimes (Figure 3.1c).  The 

well-watered samples have an average δ15N signature of -4.42 ‰ and 

samples that experienced drought at both the three-leaf and grain-fill stages 

had average δ15N signatures of -2.68 ‰.  The drought-susceptible B73 kernel 

data (Figure 3.1a) show depletion of 15N due to drought stress; the well-

watered samples have an average δ15N value of -2.16 ‰ and samples that 

experienced drought at both the three-leaf and grain-fill stages had δ15N 

signatures of -4.50 ‰.  As expected68,154, δ15N signatures are increased in 

response to drought conditions, except in B73 kernels.  The data presented 

here show that the bulk δ15N signatures in experimental plants are affected 

by water availability, and so the δ15N values of the ancient maize samples 

were examined to test for drought stress evidence in their δ15N signatures. 
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Figure 3.1: Graph displaying the δ15N (‰) values of modern maize 
grown under different watering conditions. Each point represents a 
duplicate mean measurement, sample uncertainty is quoted in Appendix 
2. Dark blue dots represent well-watered control, medium blue dots 
represent drought at three-leaf stage and pale blue dots drought at the 
three-leaf and grain-fill stages. (a) B73 kernel samples, (b) B73 inner cob 
samples, (c) B73 kernels samples and (d) B76 inner cob samples. All 
samples were measured in duplicate and the means calculated and 
corrected using standards. 

 

 

3.3.2 δ15N analysis of archaeological maize cobs from Tularosa Cave  

Ninety-five samples of maize cobs from Tularosa Cave were sampled. The 

maize falls into two morphologically distinct groupings, cylindrical-shaped 
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and ovoid-shaped.  Nine of the Tularosa maize samples have been 

radiocarbon dated and the dates suggest that the maize falls into two 

temporally distinct periods: older (1830 - 1719 BP, 95.4% Cl) and younger 

(771 - 681 BP, 95.4% Cl)50,151 (henceforth referred to as 1800 BP and 700 BP). 

Prior to analysis, the cobs were separated into the inner cob (pith) and outer 

cob material, which consists of a mixture of cellulose-rich cob tissue, cupules, 

and kernel material158, henceforth referred to as ‘outer cob’. 

Our data show that the δ15N values measured in the maize samples are 

stratified according to their age and morphology. The Tularosa Cave cobs 

from the later period (700 BP) show higher bulk δ15N values than the 

Tularosa Cave cobs from the earlier period (1800 BP).  Samples shown to 

have been grown in the relatively wet conditions of the cave’s early 

occupation phase showed significantly lower δ15N values than those grown 

in the relatively drier conditions of the later phase (Figure 3.2; Mann-

Whitney test p = 3.673.015e-11  
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Figure 3.2: Box plots of δ15N (‰) values of Tularosa maize cobs.  Samples 
date from 1800 BP (blue circles) and 700 BP (yellow circles), means are 
shown as black circles. 

 

for inner cob samples; p = 4.223e-11 for outer cob, data in Appendix 3 for 

outer cob and Appendix 4 for inner cob).  These results support the 

hypothesis that drier growing conditions result in higher δ15N values.  δ15N 

signatures from the inner cob sections are much more variable than those of 

the outer cob material, especially in the earlier cobs.  The inner cob δ15N 

values tend to reflect more enrichment in 15N than those from the outer cob 

material from the same sample (Figure 3.2, Figure 3.3), as is also seen in our 

experimental plant drought data.  The N% showed no trend in these data 

(see Appendix 3 and 4).  
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Figure 3.3: Graph displaying the δ15N (‰) kernel and inner cob values 
of each sample.  Samples from the 1800 BP (ovoid) and 700 BP 
(cylindrical) time periods are blue and yellow circles respectively. 
Correlation line for each time period is shown. 

 

3.3.3 δ15N Analysis of Individual AAs from Archaeological Maize Cobs 

The isotope ratios of individual amino acids were investigated and compared 

with the bulk values.  Amino acids were extracted from five maize cobs, two 

samples from 1800 BP (TL81, TL82) and 700 BP (TL123, TL151) and a modern 

lyophilised sample, and analysed using gas chromatography-combustion-

isotope ratio mass spectrometry (GC-C-IR-MS). This approach can be used to 

interrogate the metabolic processes of plants by examining the stable 

nitrogen isotope ratios of individual amino acids (δ15NAA). Amino acids are 

released by acid hydrolysis of protein present in plant remains and 
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derivatised for GC-C-IR-MS (see Section 3.5.4). Previously this approach has  

shown that δ15NAA values of modern cereal grains and rachis were largely 

attributed to metabolic pathways involved in their biosynthesis and 

catabolism79 and that manuring resulted in consistent 15N-enrichments of all 

amino acids78. These studies78,79 demonstrate that the application of manure 

does affect the metabolic routing of nitrogen into cereal grain, but that such 

external factors affect all amino acids similarly78,79. Styring et al66 also found 

that growing conditions and climate across two growing sites  (annual 

rainfall 727 mm compared to 483 mm) did not result in significant differences 

in the relative δ15N values of different AAs in barley and bread wheat grains., 

although their  rachis values were different, suggesting that rachis AA δ15N 

values are more sensitive than grain values to differences in growing 

conditions. 

Here, we were able to measure δ15N values for 13 amino acids with 

reasonable baseline separation (Figure 3.4). Figure 3.5a shows the 

fractionation of nitrogen isotopes for amino acids normalised to Glx.  In the 

hydrolysis process the amino acids asparagine and glutamine are irreversibly 

converted into aspartic acid and glutamic acid respectively, therefore 

asparagine and aspartic acid are collectively labelled Asx and glutamine and 

glutamic acid are collectively labelled Glx.  

 

 

 

 

 

 

 



Table 3.1: Mean average AA δ15N values from inner maize cob samples. Numbers in brackets represent one standard deviation 
associated with triplicate analytical replicate measurements for AA δ15N values and replicate precision for duplicate experimental 
replicates of bulk δ15N values. 

Sample 

Identification 

AA δ15N value (‰) 

Gly Ser Glx Ala Asx Pro Hyp Val Leu Ile Thr Lys Phe Bulk 

123 4.5 

(1.2) 

-0.9 

(2.0) 

5.4 

(1.5) 

2.4 (0.9) 3.5 

(1.2) 

7.7 

(0.2) 

4.0 

(5.5) 

3.4 

(1.6) 

0.3 

(1.0) 

0.2 

(3.7) 

-3.1 

(1.7) 

-0.3 

(1.0) 

15.0 

(2.6) 

6.5 (1.5) 

151 7.2 

(0.4) 

2.4 

(0.8) 

7.1 

(0.4) 

5.0 (0.2) 7.6 

(1.0) 

8.6 

(0.5) 

3.5 

(6.2) 

4.3 

(0.2) 

2.2 

(0.6) 

1.6 

(2.7) 

-0.8 

(0.6) 

1.3 

(1.7) 

15.7 

(2.0) 

9.2 (0.1) 

81 2.7 

(1.2) 

-0.9 

(1.7) 

1.0 

(0.2) 

1.1 (0.8) 3.3 

(2.0) 

7.0 

(1.3) 

0.1 

(0.1) 

2.1 

(1.2) 

-1.0 

(2.1) 

0.1 

(0.1) 

-5.2 

(1.2) 

0.1 

(0.1) 

10.4 

(1.3) 

2.7 (0.1) 

82 2.3 

(0.3) 

-1.3 

(0.2) 

0.4 

(0.7) 

-0.3 

(0.7) 

3.5 

(0.7) 

7.3 

(0.2) 

1.8 

(3.7) 

3.4 

(1.5) 

-0.2 

(0.5) 

2.4 

(3.6) 

-5.0 

(1.9) 

-2.1 

(2.5) 

9.9 

(1.6) 

3.7 (0.6) 

Modern 

Reference 

10.9 

(1.0) 

4.6 

(1.8) 

8.3 

(1.5) 

5.8 (1.6) 8.7 

(0.2) 

12.8 

(2.5) 

-0.6 

(0.1) 

4.8 

(2.0) 

5.1 

(1.7) 

-0.6 

(0.1) 

0.5 

(1.4) 

1.0 

(1.4) 

17.7 

(1.2) 

7.8 (0.2) 

  



 

Figure 3.5b shows the fractionation of the amino acid nitrogen isotopes 

which are not normalised.  The δ15N value of Glx is a product of the net flux 

of N entering and leaving the Gln and Glu pools and is a reflection of the 

bulk plant tissue δ15N value66.  Normalising to Glx eliminates fractionation 

changes in δ15N due to external N and therefore reflects metabolic 

fractionation66.   Figure 3.5a shows that the amino acid δ15N values of the 

1800 BP group are all similarly increased relative to δ15NGlx compared to the 

700 BP group with the notable exception of phenylalanine (Phe). Phe is 

comparatively enriched in both groups compared to the δ15NGlx values.  

 

Figure 3.4: GC-C-IR-MS chromatogram displaying the separation of N-
acetylated-isopropyl esters of derivatised AA in Tularosa maize cob 
sample TL151. AAs abbreviated to their three letter codes. Nle represents 
norleucine a non-proteinaceous amino acid internal standard. 
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Figure 3.5: (A) δ15NAA values normalised to Glx from maize inner cob 
samples detailed in Table 1.   Blue triangles and diamonds represent 
samples TL81 and TL82 respectively (1800 BP), yellow squares and 
circles represent samples TL123 and TL151 respectively (700 BP) and 
black circles represent the modern control.  Black dotted line, y=0.  Error 
bars represent the standard deviation associated with triplicate analytical 
measurements.  (B) δ15NAA values which are not normalised. 

 

3.3.4 Effects of Drought on the δ13C Values of Modern and Ancient Maize 

Drought conditions caused small depletions in bulk 13C in B76 maize inner-

cob material (well-watered δ13C mean = -13.29 ‰ ± 0.52, severe drought δ13C 
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mean = -13.97 ‰ ± 0.02, data in Appendix 5).  This suggests that the drought 

conditions have caused the stomata to close, causing fractionation of the 

carbon isotopes due to enzymatic effects to become evident. Changes in 

fractionation were not observed in the B73 variety under drought conditions 

suggesting that this drought-tolerant variety is able to maintain open stomata 

and continue photosynthesis under drought conditions (Figure 3.6).  

Figure 3.6:  Graphs displaying the δ15N (‰) and δ13C (‰) inner cob values 
of each sample.  A. B73 samples and B. B76 samples 

 

 A slight depletion in bulk 13C is observed (Figure 3.8) in the more recent 

archaeological samples, when compared with the older, Figure 3.7 (1850 BP 

δ13C mean = -9.34 ‰ ± 0.70, 750 BP δ13C mean = -10.21 ‰ ± 0.75, p-value = 

1.67e-5).   
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Figure 3.7: Graph displaying the bulk δ15N (‰) and δ13C (‰) inner cob 
values of each sample. Ellipses are drawn with 95% confidence level for a 
multivariate t-distribution. Samples date from 1800 BP (blue circles) and 
700 BP (yellow circles) 

 

This trend is not observed when analysing the cellulose extracted from a 

selection (n = 14) of the archaeological samples (Figure 3.8); however overall, 

there is a trend between the bulk δ13C values and the δ13Ccellulose values 

(correlation coefficient = 0.46).  The δ13Ccellulose values are enriched in 13C when 

compared with the bulk measurement (Figure 3.8, data in Appendix 6).   
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Figure 3.8: Graph displaying the bulk δ13Ccellulose (‰) and δ13Cbulk (‰) 
inner cob values of each sample.  Samples from the 1850 BP (ovoid-
shaped cobs) and 750 BP (cylindrical cobs) time periods are blue and 
yellow circles respectively.  Grey line is y=x. 

 

3.4  Discussion: Implications 

Compound-specific analysis of individual amino acids from the 

archaeological tissues has shown that for each individual amino acid the 

isotopic fractionation is similar in both later and earlier cobs (Figure 3.6), 

with samples from the 700 BP time period displaying an enrichment effect 

with respect to the earlier material across all amino acids, most pronounced 
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in the Glx and Phe.  This similarity in fractionation is strong evidence that the 

enrichment in 15N in the later cobs is not due to changes in individual amino 

acid metabolism, but to external environmental factors.  One potentially 

confounding reason for the difference in the δ15N between the two 

occupational phases at Tularosa Cave could be due to changes in soil quality 

or fertilisation rather than changes in aridity.  Styring et al.67 noted manuring 

increases the bulk δ15N values of cereal grain but does not affect the 

metabolic routing of nitrogen into cereal grain amino acids, so that the 

enrichment effect due to drought stress cannot be distinguished from that 

from manuring. However, the application of animal manure to fields is not 

known to have been practised by pre-colonial indigenous farmers in the 

southwest; the only available domesticated animals were turkeys and dogs15, 

however the use of wood ash and urine as manure has been documented159.   

A more parsimonious explanation is related to changes in aridity.  The 

modern-day experimental data showed that both the B73 and B76 inner cobs 

were enriched in 15N when grown under drought conditions. This is most 

probably due to evaporative enrichment of ammonia in the soil. The kernels 

as well as the inner cobs of the drought-tolerant B76 variety also displayed 

15N enrichment with drought stress (B76 inner cob showed enrichment of 1.9 

‰ between well-watered and severe drought groups).  The modern 

experimental samples were not manured, so the effect of nitrogen 

enrichment must be due to drought conditions.  The bulk δ15N values in the 

Tularosa assemblage mirrors this pattern (an enrichment of 5.1‰ between 

assemblages), indicating they experienced drought stress, and therefore 

developed some measure of drought tolerance. 

A number of mechanisms could cause an increase in the δ15N values of maize 

due to drought stress.  Firstly, ammonium volatilisation in the soil can enrich 

the ammonium in the heavier isotope by approximately 40 ‰70.  Secondly, in 

drought conditions it has been found that arbuscular mycorrhiza (AM) help 
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the host plant to withstand drought75.  Nitrogen is predominantly assimilated 

in the root via AM. AM depletes the 15N in the soil resulting in an enrichment 

of the heavier isotope in NO3− in the root73. Also, evaporative enrichment 

may occur when small volatile nitrogen-containing compounds diffuse out 

through stomata, causing an increase in the heavier nitrogen isotopes in the 

leaf tissues and translocation from the senescent parts of plants (old leaves) 

also may enrich 15N signatures in fruits73.  Finally, drought-induced changes 

in plant metabolism may have an effect on their δ15N signatures79. 

Similarly, the climate record shows that the later cobs experienced a period 

of pan-regional drought4, causing human population loss in this region. 

Dehyd1A is a dehydration responsive element-binding protein shown in a 

previous study160 to be upregulated in maize seedlings as a response to 

drought conditions. Diversity at su1 was found to be reduced more than 60 % 

between the 1800 year old samples and the 700 year old samples at Tularosa 

Cave. This gene is responsible for the storage of non-structural starches as 

soluble low molecular mass carbohydrates161.  Low molecular mass 

carbohydrates such as sucrose, trehalose and fructose are implicit in osmotic 

regulation, which is important when water is scarce, helping to maintain the 

plant’s structural integrity162.  However, the su1 gene may have arisen 

because of human selection due to culinary preferences, as it is also implicit 

in the pasting properties of maize flour used for making tortillas. However, 

when the stable isotope measurements of maize cobs are also considered, it is 

more likely that these genes were under selection at least largely as a 

consequence of the environmental conditions.  Therefore, we conclude that 

these attributes would be desirable in modern maize varieties given the 

current climate emergency.  

In cases where source water δ18O information is available, δ18Ocellulose may be 

used to infer environmental conditions, as evaporative enrichment causes 

lighter isotopes to evaporate preferentially. Carbon isotope ratios showed a 
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depletion in 13C under drought conditions in the modern drought-resistant 

samples (B76) and ancient samples, however the effect is slight (less than 1 

‰).  There was no depletion seen in the drought-susceptible modern 

samples. This suggests that a decrease in δ13C signatures represents an 

adaptation to drought stress in the ancient samples. Some studies have found 

drought stress causes an accumulation of 13C in leaf material163. If taken in 

combination with nitrogen and oxygen isotope data then carbon isotope 

ratios could be a possible indicator of drought tolerance in archaeological 

plants, however further study is needed.  Other studies of modern plant 

tissues subject to drought conditions have shown a depletion in 13C in maize 

tissue, and therefore in δ13C signatures, which is further complicated by the 

availability of nitrogen sources164 and the drought tolerance of the maize 

variety19.  

To conclude, climate data and genetic analysis provide a strong case that 

bulk 15N enrichment is caused by drought stress in this instance.  Climate 

records can show us that crops were cultivated during periods of drought, 

but cannot tell us whether this stress was mitigated by anthropogenic 

practises such as irrigation.  The technique used here is a direct indicator that 

the plants experienced drought stress, but survived and adapted, allowing us 

to more confidently attribute specific genetic adaptations to drought 151. 

Measuring bulk δ15N can therefore be used to monitor the effects of changing 

climatic conditions directly in well-preserved archaeobotanical remains. 

Understanding how humans have adapted their agricultural practices in the 

past, and how maize has responded genetically to past climate change, could 

contribute a vital perspective to present-day food security during the current 

climate crisis.  
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3.5 Methods 

3.5.1 Experimental Materials 

Maize plants, B73 variety (GRIN accession number: PI 550473, developed at 

Iowa State University, drought-susceptible) and B76 variety (GRIN accession 

number: PI 550483 developed at Iowa State University, drought-tolerant), 

were grown at the Warwick University Phytobiology Facility in a climate-

controlled greenhouse. Plants were grown at 28 °C day/20 °C night in a 16-h 

light/8-h dark cycle with a light intensity of 230 µE m−2 s−1. Seeds were 

germinated in three-inch diameter pots containing peat-based soil. Soil water 

content was measured at regular intervals during drought stress using a 

Professional Soil Moisture Meter (Lutron Electronic Enterprise Co., LTD., 

Taipei, Taiwan) to ensure drought conditions were successfully applied. The 

plants were split into three groups, outlined in Table 3.2.  Drought conditions 

were applied during two growth stages, three-leaf and grain-fill (BBCH 

principal growth stage 1 and 8, respectively165). Drought conditions consisted 

of withholding water for one week, which resulted in soil water content 

between 0 and 1% (Appendix 8). Non-sterilised soil was used, and reverse 

osmosis water was used to water the plants. Cobs were harvested for 

analyses when the cobs were fully ripe and were immediately frozen in 

liquid nitrogen and stored at −80 °C. 
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Table 3.2: Table showing the watering conditions for each plant growth 
condition group. 

Condition Group Details 

Well-watered Samples were well watered for the duration of the 

experiment 

Moderate drought Drought stressed for two one-week periods, the first week 

starting at the three-leaf stage (approximately 4 weeks 

after seeding). The plants were watered for a further week 

and then droughted for another one-week period 

Severe drought Drought stressed as described for moderate drought 

conditions and then for a further two weeks during grain-

fill (approximately 14 weeks after seeding) 

 

3.5.2 Archaeological Materials 

95 archaeological samples of maize were analysed.  The maize was excavated 

from Tularosa Cave, New Mexico by Martin et al.15. Some of the samples used 

in this study have previously been radiocarbon dated151. The maize samples 

correspond to two temporally distinct occupations, one at approximately 

1800 BP (1830 - 1719 BP, 95.4% Cl, n=49) and the other at ~ 700 BP (771 - 681 

BP, 95.4% Cl, n=51).  The older samples have an ‘ovoid’ morphology and the 

more modern samples have a ‘cylindrical’ shaped morphology. 

 

3.5.3 Bulk δ15N Isotope Ratio Analysis 

If the samples were visibly contaminated, they were washed using acetone 

and then methanol. Samples were then ground and archaeological and 

modern maize inner cob powder samples were weighed in duplicate (2 mg) 

using an MT5 6 dp micro balance (METTLER TOLEDO, Ohio, USA) into tin 

capsules, which were analysed by elemental analysis-IR-MS in a GSL 

analyser coupled to a 20-22 mass spectrometer (Sercon, Crewe, UK). Isotope 
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ratios were calculated as δ15N versus atmospheric N2 by comparison with 

standards calibrated against IAEA-N-1 and N2.  

3.5.4 Preparation of Amino Acid Derivatives (N-acetyl-i-propyl esters)  

An international standard for isotope ratio mass spectrometry studies of AA 

was prepared, consisting of alanine, glycine, valine, leucine, norleucine, 

aspartic acid, glutamic acid, and phenylalanine (2000 ng µL-1, in 0.1M HCl). 

An internal standard was made by adding a solid bovine collagen standard 

(4 mg) to a scintillation vial with norleucine standard (100 µL, 2000 ngµL-1) 

and HCl (0.01 M, 1 mL).  All reagents and standards were provided by 

Sigma. 

Dry archaeological and modern maize inner cob powders were weighed (20 

mg) into 2 mL hydrolysis vials. Norleucine standard solution (50 µL, 5000 ng 

µL-1, in 0.1 M HCl) was added to each sample along with HCl (6 M, 200 µL) 

and heated at 110oC for 24 h, then allowed to cool to room temperature. The 

hydrolysate from the hydrolysis vials was pipetted into individual Nanosep 

filters (Nanosep® Centrifugal Devices supplier) (4.5 µm) along with HCl (0.1 

M, 200 µL) and vortexed (20 s). The samples were then centrifuged (12298 

RCF, 60 s, Nanosep® centrifugal device). The filtration process was repeated 

once, with a further 200 µL HCl (0.1 M), to yield a yellow solution derived 

from acid hydrolysed maize sample, which was transferred into clean 1 mL 

Reacti-Vials™ (Thermo-Fisher).   

Lipids were extracted from the clean hydrolysate solutions by pipetting on 

hexane: DCM (c.a. 0.5 mL, 3:2, v:v) and vortexing (20 s) and removing the 

organic layer, repeating a further twice. The solutions were blown to dryness 

under N2. The derivatisation procedure followed is from166. The AAs were 

isopropyl esterified in 1 mL of acidified isopropanol solution (1.85 M, 

prepared by the addition of 2 mL of acetyl chloride to 8 mL of dry 

isopropanol in an ice bath, 4:1, v:v) at 100oC for 1 h. The reaction was 

terminated by placing the reaction tubes in a freezer (-20 oC, 5 min). The 
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solutions were blown to dryness under N2. DCM was added (2 × 0.25 mL) 

and evaporated at room temperature to remove excess reagents. AA i-propyl 

esters were then treated with 1 mL of a mixture of acetic anhydride, 

triethylamine and acetone (1:2:5, v/v/v; 10 min, 60 °C). The reagents were 

evaporated under a gentle stream of nitrogen at room temperature and 

dissolved in 2 mL ethyl acetate. 1 mL of saturated NaCl solution was added, 

and, with vortexing, was used to effect phase separation. The organic phase 

was collected and dried under nitrogen at room temperature. Residual water 

was removed by addition and evaporation of successive 1 mL aliquots of 

DCM. The derivatised AAs were redissolved in ethyl acetate (300 µL) and 

stored at −20°C until required for analysis. 

Isoleucine, hydroxyproline and tyrosine were omitted from further 

measurements due to their relatively high standard deviations of the δ15N 

measurements (Table 3.1). In order to consider the fractionation due to AA 

metabolism, the δ15N values were normalised to that of Glx (Δ15Glx) where 

Δ15Glx = δ15NAA - δ15NGlx. This is to account for differences caused by the δ15N of 

the source inorganic nitrogen (NO3- and NH4+) entering the plant77. 

3.5.5  Cellulose Extraction 

The method used to extract cellulose from maize was adapted from 

Azubuike et al.167 and Staff  et al.168 Azubuike et al. specifically extracted α-

cellulose from maize cobs and Staff et al. from wooden archaeological 

samples. If the samples were visibly contaminated, they were washed using 

acetone and then methanol. Modern samples were freeze dried; all samples 

were then ground. The samples (100 mg) were placed first in 5 mL HCl (1 M) 

and heated (20 min, 80 oC) and ultrasonicated to remove sedimentary and 

contaminant carbonates. The samples were filtered and washed three times 

each with 3 mL deionised water, then placed in 3 mL NaOH (0.2 M) and 

heated (20 min, 80 oC) and ultrasonicated to remove organic contaminants. 

The NaOH was replaced until on sonication it remained colourless. The 
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samples were washed three times each with 3 mL deionised water and then 

placed in 5 mL HCl (1 M) and ultrasonicated (1 h, 80 oC) to remove adsorbed 

atmospheric CO2. The samples were washed with 3 mL deionised water 

three times, then bleached with 3 mL NaClO2 (5 %, wt/vol, pH 3) for 

approximately 30 min to remove lignins. The samples were rinsed in 

deionised water until the water was neutral, assessed using indicator paper, 

and the resultant cellulose was freeze-dried prior to analysis. The carbon and 

oxygen isotope ratios were measured by weighing 0.5 - 1.0 mg of cellulose 

(two replicates) and the 12C:13C ratios determined using IR-MS. 

3.5.6 Instrumental Analyses  

Chromatographic separations of AA derivatives were performed using a 

Trace Ultra 1310 gas chromatograph (Thermo Fisher, Bremen, Germany) 

equipped with an Agilent DB-35 custom column (60 m 320 µm x 0.50 µm; 

J&W Scientific Technologies, Folsom, CA, USA). The GC was interfaced to a 

Delta V Plus isotope ratio mass spectrometer (EI, 100 eV, three Faraday cup 

collectors for m/z 28, 29 and 30) and a flame ionisation detector (temperature 

250oC; hydrogen flow 35 mL min-1; air flow 350 mL min-1; make-up gas off) 

via a GC isolink II interface (Cu/Ni combustion reactor held at 1000oC) both 

from Thermo Fisher, Bremen, Germany. Samples were injected (2 µL for 

standards and 1 µL for samples) using a split/splitless injector operated in 

splitless mode at 240oC with a 3.5 s pre-injection dwell time. Helium (ultra-

high purity grade) at a flow rate of 1.4 mL min-1 was used as the carrier gas. 

The oven temperature of the GC started at 40 oC (held for 5 min), then 

increasing by 15oC min-1 to 120oC, then by 3oC min-1 to 180oC, then by 1.5oC 

min-1 to 210oC, then by 5oC min-1 to 280oC. The final temperature was 

maintained for 8 min. A cryogenic trap was employed to remove CO2 from 

the oxidised and reduced analyte. 

All the δ15N values are reported relative to reference N2 of known nitrogen 

isotopic composition, previously calibrated against the AIR international 
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isotope standard (δ15N = 0, 15N/14N = 0.003865), introduced directly into the 

ion source in nine pulses at the beginning and three at the end of each run. 

The δ15N values measured were calibrated to an international standard using 

a calibration curve (see Appendix) and then drift corrected so that the 

internal standard norleucine was set to its known δ15N value (14.47 ‰). Each 

reported value is a mean of triplicate δ15N determinations. The AA standard 

mixture, of known δ15N values, was analysed every three runs in order to 

monitor instrument performance.   The standard calibration curve can be 

found in Appendix 7. 

The standard deviations of the δ15N values of AAs within the maize samples 

should be as low as possible, ideally < 0.2 ‰; in this work standard 

deviations of triplicate measurements varied from 0.1 ‰ to 2.0 ‰ (Table 3.1), 

likely due to the low concentration of nitrogen ions detected in the IR-MS.  
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4.1  Abstract 

Metabolomics is a technique that allows for the evaluation of the entire 

extractable metabolite profile of a plant, for example, using high-resolution 

mass spectrometry (HRMS) and can be used to evaluate plant stress 

responses, such as those due to drought. Metabolomic analysis is dependent 

upon the efficiency of the extraction protocol. Currently, there are two 

common extraction procedures widely used in metabolomic experiments, 

those that extract fresh plant tissue snap frozen and processed in liquid 

nitrogen, or extraction from dried plant tissues. Here, we evaluated the two 

using untargeted metabolomics to show that lyophilisation can stabilise the 

maize (Zea mays) extractable metabolome, increasing throughput and 

efficiency of extraction over the more traditional processing in liquid 

nitrogen. Then, we applied the lyophilisation approach to explore the effect 

of drought upon the maize metabolome in an untargeted HRMS 

metabolomics approach. Metabolomics revealed differences in the 

metabolome of mature maize having undergone three drought conditions 

imposed at two critical development stages (three-leaf stage and grain-fill 

stage); moreover, this difference was observed across two tissue types 

(kernel and inner cob/pith). It was shown that under ideal conditions, the 

biochemical make-up reflected in the metabolome of the tissue types is 

different. However, under stress conditions, the stress response dominates 

the metabolic profile. Drought-related metabolites known from other plant 

systems have been identified and metabolomics has revealed potential novel 

drought-stress indicators in our maize system. 

 



- 97 - 

 

4.2  Introduction  

Maize (Zea mays. L) is one of the most important food crops produced 

globally and is highly adaptable to different growing environments. 

However, drought is a major limiting factor to crop yields of maize, and 

climate change is threatening food security8,13,169 due to increased periods of 

drought. Southern African maize has been identified as particularly at risk8. 

Metabolomics is a powerful tool for investigating all metabolites of a 

biological sample. Metabolites and their levels are of particular interest when 

investigating genetic influences or environmental changes, as they can be 

regarded as the final response of an organism to genetic or environmental 

perturbations85. Metabolomics has previously been used to study stress from 

drought9,43,87,88,170 and salinity89,90 in maize. 

The maize cob provides the growing seed with nutrients including proteins, 

oils and starch101. Hence, lipids, amino acids, sugars and carbohydrates are 

expected to be the major components of a kernel extract. It has been shown 

that increases in the levels of osmoprotectants, such as mono-, di- and 

oligosaccharides, polyols and some quaternary ammonium compounds are a 

common adaptive measure to water stress across a range of plants; their 

accumulation accompanies drought stress9. Amines, mono-, di- and 

oligosaccharides and sugar alcohols can act as stabilising agents to 

macromolecules such as proteins; these molecules help proteins to maintain 

their hydration state and hence their structure88,170,171. 

Hormones are also important in plant responses to stress. For example, the 

plant phytohormone abscisic acid (ABA) is heavily implicated in the 

response to various stressors, such as drought, radiation and salt stress102,172. 

Phytohormone signalling can trigger the production of secondary 

metabolites whose primary function is to scavenge reactive oxygen species, 

which protects the plant from lipid peroxidation; for a full review see 
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Jogawat et al.173.  For B73, a drought-susceptible modern maize cultivar, 

drought stress has been shown to cause an accumulation of simple sugars 

and polyunsaturated fatty acids and a decrease in amines, polyamines and 

dipeptides, together with an increase in the accumulation of ROSs and the 

fungal product aflatoxin43.  The accumulation of simple sugars is thought to 

be due to protection against oxidative stress, by osmoregulation or through 

ROS scavenging. Polyunsaturated fatty acids have been shown to regulate 

the stomatal aperture in response to drought stress174. An increase in ROSs 

occurs when a plant is under drought stress and hydroperoxidation of 

polyunsaturated fatty acids can result in oxylipin production which can 

exacerbate aflatoxin contamination (see175). 

Metabolomics approaches consider the extractable plant metabolites, and 

therefore the extraction protocol plays an important role in the types of 

molecules included in the analysis. Literature methods most often work with 

fresh material processed under cold conditions (for example87), and this can 

pose significant challenges. Samples are generally immediately frozen in 

liquid nitrogen and stored at −80 °C176,177 to inactivate enzymatic processes. 

However, weighing plant material kept frozen in liquid nitrogen can be 

difficult due to several practical considerations such as electrostatic charging, 

and condensation onto frozen tissue in damp atmospheres which can cause 

variation in the tissue weights following drying. Lyophilising the samples 

prior to homogenisation removes water from the sample, which inactivates 

enzymes and potentially stabilises the metabolome94. Few studies have 

considered the effect of lyophilising plant material as a means to stabilise the 

plant metabolome95,96 and no studies have considered its impact on 

metabolomic studies of an agriculturally significant crop, such as maize.  

The first objective of this study was to assess the robustness of two steps of 

the plant tissue extraction process. First, we compared the efficiency of 

lyophilisation and grinding tissue with a more traditional approach of 
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grinding fresh-frozen tissue in liquid nitrogen. Next, we tested the necessity 

of cold room (4 °C) conditions during the solvent (70:30 methanol:water) 

extraction step; the effects of cold vs. room temperature extraction following 

lyophilisation were also considered. Our results were used to validate a safe, 

efficient, robust and reproducible extraction method (extraction condition 

experiment). The second objective was to use this method to evaluate the 

influence of drought stress upon mature corn cobs from plants having 

undergone three different watering regimes (drought condition experiment). 

The third objective was to test whether drought markers could be identified 

in fresh, desiccated samples before attempting extraction of the desiccated 

archaeological maize using an updated HILIC and RP separation 

approach120,178 with the availability of new column chemistries such as T3 

column (Section 2.2.4).  And finally, it was important to assess whether the 

drought stress markers were reflected in the inner cob material as the 

Tularosa material is predominantly made up of inner cob material, and the 

inner cob has not been studied for this purpose. 

 

4.3  Results and Discussion 

4.3.1 Effect of Lyophilisation on the Plant Metabolome 

The effect of lyophilisation on the extractable plant metabolome was 

investigated using untargeted liquid chromatography–mass spectrometry 

(LC–MS). Metabolites were extracted from maize cob tissue using three 

different extraction methods. In one set of samples, fresh tissue was ground 

and extracted under liquid nitrogen (LNE), another set was lyophilised, 

ground and extracted in the cold (4 °C) (LC), and a third group was 

lyophilised, ground and extracted at room temperature (LRT). The water 

content of samples was 69.0 ± 7.5%, as described in Appendix 8. 
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A chromatographic separation method was designed so a wide range of 

feature polarities could be examined. Atlantis® T3 columns are reversed-

phase C18 columns that provide balanced retention of polar and 

hydrophobic molecules. Application of such a column using a high polar to 

high organic solvent concentration gradient allowed good retention and 

separation of metabolite classes (Figure 4.1). A wide range of metabolite 

classes was extracted from the maize tissue using methanol:water extraction; 

polar metabolite classes such as disaccharides and amino acids were first to 

elute, followed by organic acids and lipids. Figure 4.1 shows a characteristic 

chromatogram of a sample from the LNE group. Chromatograms from the 

LC and LRT sample groups can be seen in Appendix 9. 

 It is difficult to distinguish visually between samples groups based upon the 

base peak chromatograms, hence statistical techniques were used to assess 

the data. 

 

Figure 4.1: Characteristic base peak ion chromatogram for an LNE 
sample obtained using a T3 column coupled to high-resolution mass 
spectrometry (LC–HRMS) to allow the retention and separation of 
metabolites with a broad range of polarities. 

 

To test whether there are differential effects of freeze-drying on extracted 

maize metabolites, an untargeted study of methanol:water-soluble 
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metabolites was performed to identify features that change due to the 

different tissue extraction protocols used. Datasets of full-scan positive-ion-

mode and full-scan negative-ion-mode LC–MS data, collected using a Bruker 

solariX FTICR–mass spectrometer (FTICR–MS), were investigated using 

principal components analysis (PCA), a multivariate unsupervised statistical 

technique. Figure 4.2 shows the PCA scores plots for all replicate injections of 

samples generated using the three different extraction conditions being 

compared: LNE (green diamonds), LC (purple diamonds) and LRT (grey 

diamonds) for the positive- and negative-mode data. 

 

Figure 4.2: PCA plots showing the scores for the first two principal 
components obtained using untargeted metabolomic analysis of different 
extraction conditions for Zea mays coloured by experimental group 
(green, purple and grey represent LNE, LC and LRT, respectively) (a) for 
the positive-ion-mode; (b) and for the negative-ion-mode. The data have 
been scaled to unit variance and QC corrected. 

 

Examination of PC1 for both scan polarities revealed that the majority of 

variance is across biological replicates. PC2 in both instances primarily shows 



- 102 - 

 

variation due to extraction conditions. Once lyophilised, extraction in either 

cold or room temperature conditions had a small effect on the extractable 

metabolome, with more variance across the LC group than LRT. Extraction 

conditions therefore did not account for the majority of variance in 

metabolite profiles acquired in either the positive (Figure 4.2a) or negative-

ion-mode (Figure 4.2b).  

Using liquid nitrogen or lyophilisation to stabilise the extractable 

metabolome of maize cob tissues seems to have limited impact on the 

extractable metabolome based on the PCA results. Both the extraction 

protocols (liquid nitrogen and lyophilisation) have been used to stabilise the 

extractable metabolome in previous metabolomic studies (for example87,179). 

Using liquid nitrogen to stabilise the extractable metabolome is well 

established, but cumbersome and requires access to specific facilities. 

Accurately weighing samples whilst the samples are frozen using liquid 

nitrogen is challenging. First, LNE relies on the assumption that water 

content is consistent between samples, but the moisture content of samples in 

this experiment had a standard deviation of ±7.5% which is considerable. 

Variability in the water content can be reduced by thorough grinding of 

samples, distributing the water crystals more evenly throughout the sample, 

but this can be difficult to achieve with some biological materials, including 

maize cobs. Second, the electrostatic nature of frozen material and 

condensation from the damp atmosphere on to the sample can make 

weighing samples accurately difficult. Lyophilising samples prior to 

extraction can avoid some of these issues as dry masses can be more 

efficiently weighed whilst not requiring access to liquid nitrogen except to 

snap freeze the tissue or a cold room.  

Very few studies have compared the effects of extraction following 

lyophilisation versus freezing under liquid nitrogen in plant material96. 

Studies that have been conducted have shown that freeze-drying can be used 
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to stabilise metabolites, including plant hormones84. Hamid et al.95 compared 

freeze-drying and oven-drying as techniques to stabilise the metabolome of 

seaweed, and concluded that freeze-drying yielded higher metabolite 

concentrations than oven-drying. However, Hamid et al.83 did not directly 

compare lyophilisation and liquid nitrogen extraction. Zhu et al.180 have 

shown that freeze-drying milk to produce milk powders has a limited effect 

on the milk metabolites; this study also showed stability in the metabolome 

when stored at either 4 or −20 °C, but storage at room temperature resulted 

in significant changes. Cheng et al.181 suggest using lyophilised faecal 

samples, rather than fresh frozen samples. Our data have shown that 

lyophilisation can stabilise the extractable maize metabolome and resolves 

the issues around weighing variability across tissue samples in this 

experiment. The effect of drying methods on the metabolome should be 

tested across a wider range of different biological species and tissue types.  

Investigating the effect of desiccation on the metabolome has additional 

value when considering archaeobotanical samples. These samples are often 

well preserved through natural desiccation and considering the effect 

desiccation has on the metabolome may offer fruitful insight into the 

physiological conditions under which ancient plants were grown, with 

obvious relevance for studies of past climates.  

 

4.3.2 Effect of Drought Conditions upon the Extractable Maize 

 Metabolome 

4.3.2.1 Variation in the Extractable Metabolome of Plants Grown  

 under Different Watering Conditions 

An untargeted study of methanol:water-soluble maize metabolites was 

performed to identify features that undergo changes due to drought 

conditions and also between kernel and inner cob tissue. Two datasets of 
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full-scan positive- and negative-ion-mode LC–MS data were investigated. 

Maize was grown under three different watering conditions: a well-watered 

control; moderate drought; and severe drought (see Section 3.5.1). Cobs were 

harvested at maturity in all cases. 

The tissue samples were lyophilised and extracted in a cold room using the 

methanol:water extraction protocol. The LC extraction protocol was chosen 

for two reasons. The data from the extraction conditions experiment had 

shown that lyophilisation stabilised the extractable metabolome as effectively 

as liquid nitrogen extraction. The cold room extraction was chosen because at 

the time of sample processing, it was not yet clear what effect room 

temperature extraction has upon more labile molecules, and therefore the 

more cautious approach was taken. Considering the results of the extraction 

condition experiment, either LC or LRT would have been appropriate.  

PCA (Figure 4.3) shows very distinct clustering by watering conditions for 

extracts of both kernels and inner cob tissue. Multivariate analysis also 

showed a tight clustering of QC samples (not shown), which indicates that 

the differences in watering regimes account for the differentiation between 

groups rather than instrumental variation throughout the run. Figure 4.3 

shows that separation in PC1 is characterised by differences between well-

watered and drought conditions. Separation in PC2 is characterised by 

differences between moderate and severe drought conditions. This implies a 

different metabolic response to drought stress when it is applied at the three-

leaf and grain-fill stages of plant development. Positive-ion-mode data show 

strong separation of drought conditions for both kernels and inner cob tissue, 

as do negative-ion-mode inner cob data. Clustering is less strong for severe 

drought-treated kernel negative-ion-mode data (Figure 4.3b, red diamonds). 
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Figure 4.3: PCA plots showing the scores for the first two principal 
components obtained using untargeted metabolomic analysis of 
drought-stressed and well-watered control plants, coloured by watering 
conditions for Zea mays for (a) positive-ion-mode kernel extracts; (b) 
negative-ion-mode kernel extracts; (c) positive-ion-mode inner cob 
extracts and (d) negative-ion-mode inner cob extracts. The data have 
been scaled to unit variance and QC corrected. 

 

4.3.2.2 Identification of Potential Drought Biomarkers 

Multivariate analysis shows that PC1 is characterised by differences between 

well-watered and drought conditions (Figure 4.3) for both tissue types for 

positive- and negative-ion-mode data. Therefore, the largest loadings of PC1 

were investigated as potential drought biomarkers.  
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ANOVA tests were conducted on peak intensities of features identified as 

having the largest loadings in PC1. Molecular formulae were obtained from 

the FTICR–MS data using the ‘SmartFormula’ function of Bruker’s 

DataAnalysis software and checked using Progenesis QI. An internal lock-

mass calibration was carried out on the positive-ion-mode samples in order 

to improve mass error (≤1% ppm). Information about all key features (m/z, tR, 

molecular formulae, ANOVA 1-way p-values (p-val)) are presented in 

Appendix 10. Where possible, HCD product ion spectra were obtained using 

a Thermo™ Orbitrap™ Fusion™ instrument for key features and the 

fragmentation patterns were interrogated against compound databases 

(Metlin, LipidBlast, ChemSpider, Progenesis MetaScope) in order to assign 

possible identifications. Table 4.1 displays information about key features 

where a possible identification has been assigned. For an identification to be 

accepted, the Progenesis fragmentation score was required to be greater than 

50. The data analysis workflow is outlined in Figure 4.4. An example figure 

showing the relative abundances of the top four highest loadings can be 

found in Figure 4.5. 
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Figure 4.4: Data analysis workflow for the identification of key features in 
mass spectrometric data. 
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Figure 4.5: Figure showing relative abundances of m/z features (a) 
279.1238 (b) 143.0349 (c) 480.3075 and (d) 520.3398.  Blue, yellow and red 
diamonds represent well-watered, moderate drought and severe drought 
conditions respectively.  ANOVA p-vals are indicated. 

 

A feature with m/z 279.124 eluting at a retention time (tR) of 9.52 min was 

tentatively identified as neophaseic acid (neoPA) (product ion spectrum in 

Figure 4.6). The feature was identified by Progenesis as hydroxyabscisic acid, 

but following examination of Zhou et al.182, the feature was re-assigned as the 

isomeric neoPA. NeoPA is a metabolite of the phytohormone ABA which is 

formed following the oxidation of the 9-methyl group of ABA182,183. ABA is 

one of the most common stress signals to appear in plant organs in response 

to drought conditions172,173,182,184. ABA was detected in the drought-treated 

samples in this study. However, it was not included in further analysis 

because it had a coefficient of variation (CoV) score greater than 30%. 
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Oxidation of ABA causes inactivation of the hormone and neo-PA is 

considered biologically inactive. Neo-PA has been detected in drought-

stressed barley seedlings182 and its detection here in drought-stressed maize 

tissue suggests a role in the abiotic stress response.  

 

Figure 4.6: Product ion spectrum of m/z 279.124 at 9.52 min. 

 

The molecular formulae of several phospholipids (m/z: 480.3075, 520.3398, 

522.3556, 540.3305) were also tentatively identified. Drought stress is known 

to have an impact on the metabolism of membrane lipids and can cause 

changes in the membrane lipid composition160,185. Phospholipids can act as 

signalling precursors and molecules which regulate plant growth and 

development, and response to environmental factors, such as drought 

stress186,187. 

 



Table 4.1: Summary of data on all possible identifications of drought-related biomarkers of maize. Possible identifications were 
assigned using compound databases (Metlin, LipidBlast, ChemSpider, Progenesis MetaScope). * Indicates the data were scaled. The p-
val between the well-watered and severe drought conditions is quoted.  All features are level 3 Schymanski identifications130. 

Tissue Type 
Scan 

Mode 
m/z tR 

Molecular 

Species 
MF ppm p-val 

Possible 

Identification 

Fragmentation 

Score 

K N * 279.1238 9.52 [M − H]− C15H20O5 −0.04 9.60 × 10−15 

Hydroxyabscisic 

acid or Neophaseic 

acid (neoPA) 

50.1 * 

K N * 143.0349 
3.88 and 

3.89 
[M − H]− C6H8O4 0.30 1.78 × 10−14 Methyl itaconate 58.5 

K P * 480.3075 18.87 [M + H]+ C23H46NO7P −0.21 1.19 × 10−22 PE(18:1/0:0) 55.1 

K P 520.3398 17.75 [M + H]+ C26H50NO7P −0.10 1.28 × 10−18 PC(18:2/0:0) 88.8 

K P 522.3556 18.99 [M + H]+ C26H52NO7P −0.46 2.42 × 10−16 PC(18:1/0:0) 78.4 

IC N 540.3305 18.51 [M + FA − H]− C24H50NO7P 0.37 1.81 × 10−8 Lysolecithin 63.5 



4.3.3 Drought-Stress Response Dominates Metabolome in Kernel and 

 Inner Cob Tissues 

Two datasets of full-scan positive and negative-ion-mode LC–FTICR–MS 

data were investigated to compare the metabolomes of the kernel and inner 

cob. The growing conditions and data handling are described in Sections 

3.5.1 and 4.4). PCA analysis (Figure 4.7) shows clustering of the kernel and 

inner cob severe drought samples (red diamonds and stars) and clustering of 

the kernel and inner cob moderate drought samples (yellow diamonds and 

stars). However, well-watered kernels and inner cob samples did not cluster 

together (blue diamonds and stars). 

Watering conditions cause more variance in both sets of drought-treated 

samples (moderate and severe drought) than tissue type. During optimum 

growing conditions (well-watered), there is a clear difference in the 

biochemical composition of the two tissue types as indicated by separate and 

distinct clusters. However, when drought stress is introduced, there is less 

divergence between the two tissues. This shows that the drought-stress 

response was dominant over tissue-specific metabolism across the two tissue 

types. In severely stressed plants, kernel material can be limited since kernels 

tend not to develop well under severe stress188, but inner cob material is more 

likely to be available and these data show it contains useful abiotic stress 

signals. 

  



 

 

Figure 4.7: PCA plots showing the scores for the first two principal components obtained for the untargeted metabolomic analysis 
coloured by watering conditions for Zea mays for (a) the positive-ion-mode and (b) the negative-ion-mode. The data have been scaled 
to unit variance and QC corrected for both cases.



 

4.4  Materials and Methods 

4.4.1 Plant Material Description, Cultivation and Sampling 

4.4.1.1  Extraction Condition Experiment 

Four biological replicates of B73 corn were investigated. Three sample 

preparation conditions were compared. The inner central section of each cob 

was sampled in each condition (1 g). The following extraction conditions 

were used: liquid nitrogen extraction (LNE), the samples were ground and 

weighed whilst kept frozen using liquid nitrogen; lyophilised cold (LC), 

lyophilised maize ground at room temperature and extracted at 4 °C, and 

lyophilised room temperature (LRT), lyophilised maize ground at room 

temperature and extracted at room temperature. 

For LC and LRT conditions, the samples were lyophilised and three 

extraction replicates were weighed (5.00 mg ± 0.09). For the LNE condition, 

three extraction replicates were weighed (16.12 mg ± 1.2, moisture content 

68.95%). 

4.4.1.2 Drought Condition Experiment 

Experimental details in Section 3.5.1. 

Prior to extraction, samples were lyophilised and the kernels were separated 

from the inner cob. For each cob, a central section of pith (1 g) was ground. 

For each kernel sample, 5 randomly selected kernels were ground together. 

Three extraction replicates were prepared (5 mg ± 0.05 mg) for each tissue 

and from each biological replicate (2 per sample group). 
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4.4.2 Metabolite Extraction Method 

The plant material was extracted with methanol:water (70:30, v/v, 100 µL). 

The extraction process consisted of shaking at 31 RCF for 30 min in dark 

conditions, followed by centrifugation at 28413 RCF for 10 min. The 

supernatant was transferred to a clean tube, dried using a vacuum 

concentrator (whilst kept cool) and reconstituted in methanol:water (70:30, 

v/v, 100 µL) and subsequently analysed using HPLC–FTICR–MS. For the 

LNE and LC conditions, the samples were kept at 4 °C during extraction and 

for the LRT condition, the samples were extracted at room temperature. All 

samples were extracted in the cold room for the drought conditions 

experiment. 

 

4.4.3 Data Collection 

In the extraction condition experiment, three extraction replicates were taken 

for each condition and two technical replicates were taken for each extract. 

For analysis by LC–MS, the sample injections were separated into three semi-

randomised batches containing one technical replicate from each extract. QCs 

composed of a pooled aliquot of 5 uL from each sample were injected at the 

start of the experiment (20 injections) to equilibrate the column. A QC and a 

blank were injected after every five sample injections. 

For the drought condition experiment, three extraction replicates were taken 

for each condition and two technical replicates were taken for each sample. 

Data collection was the same as that described in the paragraph above. 
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4.4.4 LC–MS-Based Analysis of Metabolome 

4.4.4.1  Liquid Chromatography Separation Method 

HPLC–MS was carried out using an Agilent 1200 HPLC fitted with an 

Atlantis® T3 column (Waters, cortecs 2.7 µm, 3 × 150 mm); the column 

temperature was maintained at 25 °C. The HPLC was coupled to an 

electrospray FTICR mass spectrometer (Bruker solariX XR 9.4T). The mobile 

phase was composed of water (A) and acetonitrile (B) both with 0.1% (v/v) 

formic acid, and the following gradient was used: 5% B increasing linearly to 

95% over 22 min and held for 2 min. B was then returned to 5% over 0.33 min 

and held for 5.33 min to allow column equilibration. The flow rate was 300 

µL/min and the injection volume was 5 µL. 

4.4.4.2 Mass Spectrometry Methods 

Positive-ion-mode: The LC methods are described in Section 4.4.4.1. A 

Bruker solariX XR 9.4T mass spectrometer was operated over the m/z range 

57.75–2000.00 with an ESI source. Analytes were detected in the positive-ion-

mode using the following MS parameters: the dry gas flow was 7.0 L/min; 

the dry gas temperature was 200 °C, the source voltage was 4000 V and the 

nebuliser gas pressure was 2.0 bar.  

Negative-ion-mode: The LC methods are as described in Section 4.4.4.1. A 

Bruker solariX XR 9.4T was operated in the negative-ion-mode over the m/z 

range 57.75–2000.00 with an ESI source. Analytes were detected in the 

negative-ion-mode using the following MS parameters: dry gas flow was 7.0 

L/min; the dry gas temperature was 200 °C and the source voltage was 4000 

V. To optimise ionisation, the nebuliser gas pressure was 2.0 bar (0–6 min), 

1.5 bar (6–12 min), 1.3 bar (12–21 min), 1.0 (21–25 min), 1.5 (15–26 min), 1.8 

(26–27.5 min) and 2.0 bar (27.5–30 min). 
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4.4.5 LC–MS/MS 

4.4.5.1 Mass Spectrometry Methods 

The LC methods are as described in Section 4.4.4.1. An Orbitrap™ Fusion™ 

MS was operated in the positive-ion-mode and the negative-ion-mode with 

the following parameters. The m/z range was 85–1000 with an ESI source. 

Analytes were detected in the positive-ion-mode using the following MS 

parameters: the ion transfer temperature was 325 °C; the vaporiser 

temperature was 350 °C; the sheath gas was 50 (arb); the aux gas was (arb) 

10; time between master scans was 1 s; the isolation window was 1.6; the 

collisional energy was stepped and the HCD collision energies (%) were 20, 

35, and 60.  

4.4.5.2 Data Handling and Analysis 

For the extraction conditions experiment, Progenesis QI (Waters, Milford, 

MA, USA), a dedicated software package for processing LC–MS data, was 

used for alignment and peak picking. Bruker .d files were imported into 

Progenesis in centroid mode. The runs were aligned and alignment was 

accepted if within 80% of the reference run. Experimental groups were used 

as described in Section 4.4.1.1. 

At the peak picking stage, the following parameters were set to reduce the 

volume of data to allow the computer to process it. Peaks with a tR of less 

than 1 min were excluded as being within the void and peaks with a tR 

greater than 21 min were excluded on the basis of poor separation during the 

column wash phase A minimum peak width of 0.05 min was set. The list of 

expected charge-bearing species [M]+, [M + H]+, [M + 2H]2+, [2M + H]+, [M + 

K]+ and [M + Na]+ for the positive-ion-mode and [M − H]−, [M + Cl]−, [M − 

2H]2−, [M + FA − H]−, [2M − H]− and [M − H2O − H]− for the negative-ion-mode 

were chosen for consideration, as they would arise from the same 

compound. In the raw data 23,178 and 16,044 features were identified in the 
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positive and negative-ion-modes, respectively. Features with a coefficient of 

variation greater than 30% in QC injections were excluded from further 

analysis. 

The settings for Progenesis QI were the same for the drought experiment as 

in the extraction condition experiment, unless stated. Experimental groups 

were used as outlined in Section 4.4.1.2. At the peak picking stage, the 

following parameters were set to reduce the volume of data to allow the 

computer to process it. Peaks with a tR of less than 1 min were excluded as 

being within the void and peaks with a tR greater than 21 min were excluded 

on the basis of poor separation during the column wash phase. In the raw 

data, 4912 and 11,531 features were identified in the positive and negative-

ion-modes, respectively. 

4.4.5.3 Statistical Analysis 

For the extraction condition experiment, statistical tests were conducted 

using the programming environment MATLAB (Mathworks, Natick, MA, 

USA) using the package ‘metabolab’. The data were normalised using the 

total ion count, de-zeroed at a rate of 75% and QC corrected. 8483 and 10,715 

features were included in the analysis (positive and negative-ion-modes, 

respectively). Data were scaled to unit varience for PCA. For each feature, 

one-way analysis of variance (ANOVA) was used to test the statistical 

significance of differences between groups with Benjamini–Hochberg 

adjustment to correct for multiple testing. 

Statistical tests were carried out as described in the paragraph above for the 

drought conditions experiment. Following data filtering, 1105 and 2191 

features were included in the positive and negative analyses, respectively. 
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4.5 Conclusions 

This study has shown that lyophilising plant material is an effective way to 

stabilise the extractable plant metabolome in maize and is as effective as 

extracting under liquid nitrogen. Lyophilisation is thus an adequate 

alternative to the more challenging, resource-intensive and potentially 

hazardous liquid nitrogen processing techniques. This observation has the 

potential to improve sample processing efficiencies which can be a bottle 

neck in metabolomics workflows. However, the effect of desiccation on labile 

molecules such as phytohormones and the utility of cold room extractions 

following lyophilisation require further study (in this study CoV was too 

high for confident interpretation of phytohormones). The lyophilisation 

extraction technique also has useful applications to archaeobotanical studies 

where archaeological plant tissues have been naturally preserved via 

desiccation. 

Divergence in the metabolomic profiles of the experimentally drought-

stressed maize studied here occurs with the onset of drought stress at the 

three-leaf stage. Drought stress at the grain-fill growth stage indicated a 

further divergence from the metabolome of well-watered plants. Differences 

in response to drought stress were also observed in two plant tissues, kernels 

and inner cob. It was shown that the drought-stress response was dominant 

across both tissue types and that inner cob material can be a useful source of 

information when no kernel data can be obtained. Untargeted metabolomic 

profiling is clearly a powerful tool to better understand the biochemical 

mechanisms maize employs to cope with drought stress. 

Finally, the LC-MS method demonstrated in this chapter confirms its utility 

for analysis of polar and apolar compounds in the same separation using the 

T3 column, which is useful in optimising instrument time and sample. This 

can be useful for analysing drought-stressed material, as cobs and kernels 
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develop poorly, making such material limited, but especially for Tularosa 

maize material which although an unusually plentiful assemblage is 

nonetheless limited and precious. 
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Chapter 5. Paleometabolomics 

Reveals Drought Stress 

Response in Archaeological 

Maize 

Submitted for consideration for publication in Plants as ‘Paleometabolomics 

Reveals Drought Stress Response in Archaeological Maize.’  
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5.1  Abstract 

The metabolome is the global collection of low molecular weight metabolites 

produced by systems.  Metabolomics studies can provide a direct functional 

insight into an organism’s cellular activity and physiological status. 

Paleaometabolomics is, by extension, the study of metabolomes of ancient 

samples.  Here we explore the metabolomes of ancient maize cobs from 

Tularosa Cave in New Mexico, corresponding in age to human occupations 

during two different climate regimes (wet ca. 1800 cal BP and dry ca. 700 cal 

BP.  Untargeted high-resolution liquid chromatography-mass spectrometry 

showed differences in the extractable paleometabolomes of the two 

archaeological populations, and multivariate statistical analysis revealed 

drought stress biomarkers in the ancient maize metabolomes. Direct 

evidence of increased sugar production was found in the later population, 

possibly an indicator of adaptation to dry climate conditions.  

5.2  Introduction (as in submitted paper) 

Drought stress is an increasingly important issue faced by modern arable 

farmers globally189. Maize agriculture in the present-day Southwestern 

United States has historically faced sparse and unreliable levels of 

precipitation, resulting in several pan-regional droughts in the last 2000 years 

4,5,45.  Drought stress can threaten food security, especially in developing 

countries 8,190.  A better understanding of how humans have adapted their 

agricultural practices in the past, and how ancient crops have adapted to 

abiotic stress, is crucial in protecting current global food security. Maize, 

together with rice and wheat, contributes 30% of calories to more than 4.5 

billion people, including to those from some of the poorest countries in the 

world 1. 
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Metabolomics is an approach for analysing and comparing the metabolomes 

of biological samples85. The metabolites are extracted, and untargeted liquid 

chromatography-mass spectrometry data (using high resolution mass 

spectrometry if available) collected.  Supervised and unsupervised statistical 

approaches can be used to elucidate differences between sample populations, 

providing a global insight into cellular activity and physiology.  Many such 

studies have shown the effect of abiotic stressors such as drought upon the 

extractable maize metabolome 86–90,98,191.  

Metabolomics has been utilised in some studies of archaeological samples in 

recent years and such ‘paleometabolomics’ studies are a fast growing and 

exciting area of interest in archaeological sciences.    Metabolomics has been 

used in the analysis of the stomach content of the Iceman, a 5,300-year old 

European glacier mummy 105, in a multi-omics approach to gain insight into 

the nutritional habits of this individual. The microscopic and molecular data 

found evidence of three components in the Iceman’s last meal: fat and game 

meat from ibex and red deer supplemented with cereals from einkorn.  Other 

studies have used metabolomics to distinguish closely related plant species 

found in residues of ancient pipes 106, and tobacco mixture usage in ancient 

Mayans 107.  A recent paper has used metabolomics to study the evolutionary 

divergence of modern maize from its wild ancestor teosinte 192.  The study 

found 461 metabolites diverged due to selection.   To the authors’ 

knowledge, paleometabolomics has not yet been used to infer the 

physiological status of ancient plants.  

Tularosa Cave in New Mexico (Figure 1.3) is home to an impressive 

assemblage of archaeological materials, excavated in 1952 15.  The extensive 

collection of maize cobs has two phenotypically distinct varieties. One 

variety has been described ‘ovoid-shaped’, short in length with a thick 

midsection and small kernel form, consisting of 10–12 kernels.  In contrast, 

the other is described as ‘cylindrical’ in shape with a thin midsection and 8–
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10 rows of larger kernels 14. Radiocarbon dating has found that ovoid-shaped 

cobs date to 700 BP and ovoid-shaped cobs to 1800 BP.  These two periods 

correspond to two separate human occupations of Tularosa Cave during two 

different climate regimes (wet ca. 1800 cal BP and dry ca. 700 cal BP). This 

assemblage is of interest, as the area had undergone extreme droughts across 

the later occupation and between the occupations and can provide insight 

into how the maize adapted to the extreme climate conditions.  Records of 

stalagmites from caves in the Sacramento Mountains, New Mexico, show 

that during the earlier occupation of Tularosa Cave the annual precipitation 

was higher than at present, and that the more recent occupation was in a 

time of severe drought (Figure 5.1b5); tree-ring data are also consistent with 

this region experiencing drought during the mid-1200s AD4,152,153.   Gaffney et 

al. (paper in review, Chapter 3) have suggested, that stable isotope data 

provide evidence of drought markers. 

It is possible that the two morphologically distinct sets of maize represent an 

adaptation to climate change. Indeed, genomic analysis of the Tularosa maize 

14,60 has shown that loci associated with drought tolerance (dehyd1A) and 

sugar content (ae1 and su1) in the later cylinder-shaped cobs might have 

undergone episodes of selection between the earlier and later occupation 

phases at Tularosa, although other selective pressures, unrelated to 

environmental conditions, were also discussed. Archaeological evidence for 

the ways in which New Mexico farmers might have adapted their practice 

and crops to drought is less forthcoming although mitigation through 

enhanced irrigation during the later, drier occupation could be envisaged. 

Here, we use paleometabolomics approaches to investigate the extractable 

metabolome of maize cobs from Tularosa Cave.  The paper has two primary 

objectives: firstly, to examine differences in the extractable metabolomes of 

the two maize populations using principal components analysis (PCA) and 

to examine and attempt to characterise those features, if any, which are most 
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responsible for differentiating the two populations; and secondly, to examine 

known drought-related metabolites and assess their differences in 

abundances across the two morphological varieties of maize.  

5.3  Results 

5.3.1  Untargeted Metabolomic Analysis of Ancient Maize Extractable 

 Metabolomes Reveals Variation Between Maize Phenotypes 

Twenty-eight maize cobs from Tularosa Cave were sampled (examples in 

Appendix 1), 14 from each morphological group. Nine of the Tularosa maize 

samples have been radiocarbon dated and the dates suggest that the maize 

falls into two temporally distinct periods: older (1830 - 1719 BP, 95.4% Cl) 

and younger (771 - 681 BP, 95.4% Cl) 14,193 (henceforth referred to as 1800 BP 

and 700 BP).  Fourteen samples come from the 1800 BP period and a further 

fourteen from the 700 BP period. The older maize is ancestral to the 

younger14.   

An untargeted study of methanol:water-soluble194 maize metabolites was 

performed to identify features that are different across the two archaeological 

maize populations. Two datasets of full-scan positive- and negative-ion-

mode LC–MS data were recorded, using a T3 reversed-phase column, chosen 

to retain as broad a range of metabolite polarities as possible in the same 

separation. For positive-ion-mode data, LC-MS data were recorded using an 

FTICR mass spectrometer (Bruker solariX XR 9.4T).  In negative-ion-mode 

the data were collected using a Thermo™ Orbitrap™ Fusion™ mass 

spectrometer. The data were de-zeroed to 50% to reduce instances of false 

positives, and feature intensities with a CoV of greater than 30 % were 

removed from the analysis. The data were also QC corrected119.   
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Figure 5.1 shows the PCA plots for positive and negative mode data. For 

both positive and negative mode data the PCA shows that the age and 

associated morphology of the maize sample accounts for the highest variance 

in the samples as described by PC1 (16.42 % and 20.83 % in positive and 

negative modes respectively).  Multivariate analysis also showed clustering 

of QC samples (not shown), which indicates that the differences between the 

metabolomes of the samples account for the differentiation between groups 

rather than instrumental variation over the course of the multi-sample 

analysis.   Clustering is not tight within groups, possibly due to biological 

variation, or diagenetic effects; PC1 offers the only differentiation between 

groups. 

 

 

 

 

 

Figure 5.2 shows a volcano plot of the log fold change (between 

morphological maize groups) against -log of the adjusted p-values of the 

metabolites detected in negative-ion-mode (chosen as more featured were 

 

Figure 5.1: PCA plots showing the scores for the first two principal 
components obtained using untargeted metabolomic analysis of Zea 
mays cob extracts coloured by sample age (yellow and blue represent 
1800 BP and 700 BP respectively) (A) for the positive-ion-mode; (B) and 
for the negative-ion-mode datasets. The data have been scaled to unit 
variance and QC corrected. 
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detected in negative-ion-mode). The green dots show metabolites that have a 

significant p-value (less than 0.05) and a fold change between morphological 

groups of maize cobs greater than 1.5. A total of 7426 features (22 % of the 

total detected) show a statistically significant difference in their relative 

intensities between morphological groups, with 4467 (13%) of those showing 

elevated expression in the 700 BP group and 2959 (9%) showing elevated 

expression in the 1800 BP group. The plot shows there is high metabolic 

diversity between 1800 BP and 700 BP groups (green dots).   

 

Figure 5.2: Volcano plot, green dots show features (i.e. metabolites) with 
significant adjusted p-values (<0.05) and fold change > 1.5 between 700 
BP and 1800 BP Tularosa maize extracts.  Blue dots show metabolites 
with non-significant adjusted p-values. Red lines to show adjusted p-
value cut-off of 0.05, and black lines show fold changes < 0.5 or > 1.5. 

 

Multivariate analysis shows that PC1 is characterised by maize age and 

morphology in both positive- and negative-ion-mode data. Therefore, the 

largest loadings of PC1 were investigated further.  T-tests were conducted on 

peak intensities of features identified as having the largest loadings in PC1. 
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For negative-ion-mode data, molecular formulae were derived using Xcaliber 

software and cross-checked using Progenesis QI. For positive-ion-mode data, 

molecular formulae were obtained from the FTICR–MS data using the 

‘SmartFormula’ function of Bruker’s DataAnalysis software and cross-

checked using Progenesis QI; their m/z, tR, molecular formulae, and Mann-

Whitney test p-values (p-val)) are presented in Appendix 11. Where possible, 

HCD product ion spectra were obtained for key features (in positive and 

negative mode datasets) using a Thermo™ Orbitrap™ Fusion™ instrument, 

and the fragmentation patterns were interrogated against compound 

databases (Metlin, LipidBlast, ChemSpider, Progenesis MetaScope) in order 

to propose identifications. Table 5.1 displays information about key features 

where an assignment has been proposed (if Progenesis fragmentation score 

was greater than 30). It is interesting to note that vitexin, a flavonoid, is 

contributing significantly to PC1.   Flavonoids are known to protect plants 

against biotic and abiotic stress195.  Sucrose or trehalose was also found to be 

contributing to PC1.  Soluble carbohydrates such as sucrose and trehalose 

and other osmolytes act as osmoprotectants when a plant is under abiotic 

stress, such as drought stress109. 

 

 



Table 5.1: Table showing features with the highest loadings in PC1. *Scaled data.  All features are level 3 Schymanski identifications130. 

Scan 

Mode 

m/z tR Molecular Species MF ppm p-val Possible Identification Fragmentation 

Score 

N 237.0766 7.20 [M-H2O-H]- C12H16O6 -0.52 1.02 

x10-5 

Glyceraldehyde 3-

phosphate (P-Gal) 

59.8 

N 377.0853 1.17 [M+Cl]-, [2M-H]-, [M+FA-H]-, 

[M-H]- 

C12H22O11 -0.86 4.1x10-3 Sucrose or 

trehalose 

34 

N and N* 413.0871 9.34 [M-H2O-H]-, [M+FA-H]- C21H20O10 -1.73 7.95x10-5 Isovitexin/vitexin 64.5 

N and N* 209.0091 5.97 [M-H]- C9H6O6 -0.17 8.21x10-6 Trimesic Acid 47.5 

N* 291.0509 8.44 [M-H]-, [M+FA-H]- C13H10O5 -0.49 4.90x10-5 Pimpinellin 29.6 

N* 273.0403 9.24 [M-H]- C14H10O6 -0.38 1.02x10-5 Athyriol  

P* 383.1125 12.81 [M+H]- C21H18O7 -0.19 8.06x10-5 Deoxy-aklanonic acid 55 

P* 521.1434 12.55 [2M+H]+ C14H12O5 0.02 1.33x10-3 Methoxy-stypandrone 38 



 

5.3.2 Osmoprotectant disaccharides were revealed in archaeological 

 maize 

The m/z value of 377.085 corresponds to a hexose disaccharide, such as 

sucrose, trehalose, lactose, maltose and cellobiose which are known 

osmoprotectants109.  In negative-ion-mode data, the feature with m/z 377.085 

was identified and  investigated further.  Lactose, maltose and cellobiose are 

reducing disaccharides, while sucrose and trehalose are non-reducing.  

Reducing and non-reducing oligosaccharides can be distinguished using 

product ion analysis; the product ion spectrum of the feature with m/z 

377.085 is consistent with a non-reducing oligosaccharide.  Hydrophilic 

interaction chromatography (HILIC) is a liquid chromatography (LC) 

technique that uses a polar stationary phase (for example, silica or a polar 

bonded phase), and allows retention and separation of polar molecules196. 

Using this technique to analyse  archaeological samples we observed two 

peaks with m/z 377.085, which eluted with the same retention times as 

authentic standards of trehalose and sucrose (Appendix 12).  Abundances of 

the feature in the T3 LC-MS data can be seen in Figure 5.3.  The feature is 

mostly absent from the data from the older samples (yellow diamonds) and 

present with high variability but higher average level in the more modern 

sample data (blue diamonds).  This observation is notable due to evidence 

from a previous genetic study14 which found diversity at su1 was found to be 

reduced more than 60 % between the 1800 year old samples and the 700 year 

old samples at Tularosa Cave. The gene su1 is responsible for the storage of 

non-structural starches as soluble low molecular mass carbohydrates and the 

reduction in diversity would indicate that the gene has been selected for, 

possibly in response to climate conditions.  
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Figure 5.3: Figure showing the relative abundances of the feature with 
m/z 377.085 for the two maize varieties, where yellow and blue diamonds 
refer to 1800 BP and 700 BP samples respectively.  Lines indicate 
averages across sample groups.  Level 1 Schymanski identification130. 

 

5.3.3 Features with High Identity Scores were Investigated by 

 Compound Class  

A further analysis was conducted of metabolites from the negative-ion-mode 

dataset which had fragmentation scores greater than 75 (peak width  ≥ 0.15, 

isotope similarity ≤ 95 and -1 ≤ ppm ≥ 1).  Negative-ion-mode was chosen for 

further analysis as more features were detected in this mode and higher 

quality database matches were found.  The compound class of these 

metabolites was assigned using the KEGG database and information on these 

metabolites can be found in Appendix 13. Figure 5.4a shows a heatmap of the 

abundance of metabolites (log transformed) aggregated by class and Figure 

5.4b shows boxplots of the same information.  The biggest variation appears 

to be across carbohydrates, where they are more likely to be in greater 

abundances in the more modern samples.  This could be due to an  
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Figure 5.4: (A) Heatmap of the abundance of metabolites (log 
transformed) aggregated by compound class.  (B) Boxplots of 
abundances of different compound classes of metabolites (carbohydrates, 
lipids, organic acids, peptides, phytochemicals, vitamins and cofactors 
and unidentified (NA)).  1800 BP and 700 BP groups are coloured yellow 
and blue respectively. 

 

adaptation to drought stress. Alternatively, this could reflect diagenetic 

effects (see chapter 6 for more data and discussion of this topic) that are more 

evident in the older population where the carbohydrates have been 

converted to Maillard products or they may have been lost to the 

environment due to humid conditions.  We were unable to confidently 

identify Maillard products in this analysis. 
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5.3.4 Drought-Related Metabolites Were Revealed in the Metabolome 

 of Archaeological Samples 

The prevalence of known drought metabolites was also investigated in the 

negative-ion-mode data.  The m/z values of known drought metabolites were 

searched for in our LC-MS datasets using the Progenesis ‘Identify 

Compounds’ function.  Identifications of those features with matching m/z 

values were proposed on the basis of their HCD spectra and a fragmentation 

score of over 50 (Table 5.2) and a peak width of greater than 0.15 mins. The 

PCA biplot (Figure 5.5) shows that the data from the older maize sample 

extracts cluster more closely together than the data from the younger maize 

extracts, which are more spread out.  This means that there is higher variance 

within the younger sample data, with one notable outlier (TUL116).  Along 

PC1 (26.3 %) the variance is due to the age and morphology of the samples.  

The features are labelled in the biplot and it can be seen that 

dihydroxycoumarin, hydroxyferulic acid and trans-caffeic acid contributing 

to PC1 variance, with these metabolites having a higher abundance in the 

1800 BP group.  Dihydroxycoumarin and hydroxyferulic acid are derivatives 

of the metabolites coumaric acid and ferulic acid arising through oxidation.  

In these samples coumaric acid is present in higher abundance in the 700 BP 

than the 1800 BP samples.  This could be due to the coumarin being exposed 

to oxidising conditions for a longer length of time in the older sample tissues.  

The remaining metabolites of all classes have higher abundances in the more 

modern samples (Appendix 14), suggesting an elevation in drought stress 

indicators in the newer samples. 
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Figure 5.5: PCA biplot showing the scores for the first two principal 
components obtained for features with accurate m/z values 
corresponding to known drought related features selected from 
untargeted metabolomic analysis of archaeological Zea mays, coloured by 
age (yellow and blue represent 1800 BP and 700 BP respectively).  
Loadings of features are represented by red arrows, where the length of 
the arrow is proportional to the loading. 

 

 

 

 

 

 

 

 



Table 5.2: Summary of data on all proposed identifications of drought-related biomarkers in archaeological maize extracts. Possible 
identifications were assigned using compound databases (Metlin, LipidBlast, ChemSpider, Progenesis MetaScope). The p-val 
between the 700 BP and 1800 BP maize are quoted. * Metabolite identification confirmed with a standard. FA = formic acid.  All 
features are level 3 Schymanski identifications130. 

m/z tR Molecular Species MF ppm p-val Possible Identification Fragmentation 

Score 

304.1917 9.52 [M-H2O-H]- C18H29NO4 -0.44 4.31E-4 Jasmonoyl-L-isoleucine 62 

261.1131 12.40 [M-H2O-H]- C15H20O5 -0.49 1.42E-04 Hydroxyabscisic acid or phaseic acid 56.1 

191.0350 9.25 [M-H2O-H]- C10H10O5 0.15 1.04E-01 Hydroxyferulic acid 69.8 

301.1040 1.68 [M+FA-H]- C11H16N2O5 -0.47 2.99E-02 1-(β-D-Ribofuranosyl)-1,4-dihydronicotinamide 66.3 

210.0771 4.09 [M+FA-H]- C9H11NO2 -0.24 1.48E-01 2-Phenylalanine 50.6 

129.0557 3.25 [M-H]- C6H12O4 -0.15 8.51E-01 3,6-Dideoxy-L-galactose 60.3 

223.0248 5.18 [M+FA-H]- C9H6O4 0.27 7.95E-05 6,7-Dihydroxycoumarin 57.9 

145.0506 5.65 [M-H]- C6H12O5 0.01 9.61E-01 α-D-rhamnose or fucose 50.3 

145.0295 8.78 [M-H]- C9H6O2 -0.03 1.01E-04 (Iso)coumarin 67.8 
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146.0459 1.68 [M-H]- C5H9NO4 0.38 6.26E-03 Glutamic acid 62.1 

179.0562 1.19 [M+FA-H]- C5H10O4 0.66 1.01E-04 Deoxyribose 56.6 

281.1393 10.08 [M-H]- C15H22O5 -0.55 2.09E-02 Dihydrophaseic acid 60.4 

361.1289 7.11 [M+Cl]-, [M+FA-H]-, [M-H]- C19H22O7 -0.94 4.20E-01 Gibberellin 55.2 

177.0557 10.56 [M-H2O-H]- C10H12O4 0.08 2.02E-01 Hydroferulic acid 63 

145.0295 8.78 [M-H]- C9H6O2 0.16 1.01E-04 (Iso)coumarin 67.1 

164.0717 7.33 [M-H]- C11H13NO3 -0.20 1.48E-01 Phenylalanine 71.1 

130.0510 1.78 [M-H]- C5H9NO3 -0.07 3.71E-01 Hydroxyproline 55 

133.0142 1.55 [M-H]- C4H6O5 -0.09 2.37E-04 Malic acid 60.8 

377.0853 1.17 [M+Cl]-, [2M-H]-, [M+FA-H]-

, [M-H]- 

C12H22O11 -0.86 6.94E-02 Sucrose 33.8* 

225.0404 6.59 [M+FA-H]- C9H8O4 -0.17 3.50E-03 Trans-caffeic acid 52.7 

167.0351 6.02 [M-H]- C8H8O4 0.47 7.93E-01 Vanillic acid 61.4 



5.4  Discussion 

Metabolomic analysis can offer valuable insight into the physiological status 

of a biological system.  Genomics can show us the potential of the biological 

system and proteomics shows us the tools by which these metabolic 

processes are carried out.  However, metabolomics is direct evidence of the 

molecules produced in response to the genes mediated by the proteins.  The 

metabolome is particularly sensitive to biotic and abiotic stressors197,198 and 

can hence be used to directly infer the biological status of a system.  This 

chapter shows that the extractable maize metabolomes of two archaeological 

maize varieties grown in different climate conditions contain large numbers 

of metabolite features and that the metabolomes are distinguishable by PCA 

analysis. 

The climate record shows that the more modern cobs experienced a period of 

pan-regional drought4, causing human population loss in this region. A 

previous study14 found diversity at the gene su1 was reduced in the 700 year 

old samples by more than 60 % of that in the 1800 year old samples at 

Tularosa Cave which indicates that the gene was selected for, possibly in 

response to drought conditions. This gene is responsible for the storage of 

non-structural starches as soluble low molecular mass carbohydrates161.  Low 

molecular mass carbohydrates such as sucrose, trehalose and fructose are 

implicated in osmotic regulation, which is important when water is scarce, 

helping to maintain the plant’s structural integrity162.  Da Fonseca et al. found 

that the su1 gene was identified at higher frequency in the 700 BP samples 

suggesting that it had undergone selection since 1800 BP. Using 

metabolomics, we see evidence of this gene’s expression directly through an 

increased abundance of sucrose in the 700 BP samples. An alternative 

hypothesis postulated14 is that su1 was selected through culinary preferences 

as it is implicated in improving the pasting properties of the flour needed for 
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tortilla production.  However, when the stable isotope measurements of 

maize cobs are also considered (Chapter 3), it is more likely that these genes 

were under selection at least largely as a consequence of the environmental 

conditions. 

Other reducing monosaccharides, for example fucose, have also been 

identified as being expressed in the 700 BP samples.  However, over time it is 

probable that reducing saccharides may be lost due to the Maillard reaction199 

taking place with amino acids, and we may expect to see some Maillard 

products as a result, however they could not be verifiably identified in this 

study.  It is also possible that soluble saccharides have been lost 

preferentially post deposition in the more humid conditions of the 1800 BP 

period.  It is possible that this could occur as a result of exposure to 

groundwater, however these samples for recovered in a stable cave 

environment, so this is unlikely.  The effect of diagenesis on the metabolome 

as a whole must be considered.  It is perfectly possible that a proportion of 

the variance across sample groups is due to diagenesis.  However, the 

desiccated status of the samples and their depositional context within a cave 

means that we might expect the metabolome to be fairly well conserved.  

Lack of water in the plant material will inhibit enzymatic activity94 and work 

by Gaffney et al.194 has shown that the extractable maize metabolome can be 

well stabilised by lyophilisation (Chapter 4).  The fact that most classes of 

metabolites do not vary in their levels significantly between the older and 

younger maize varieties (Figure 5.5) suggests that our observations are not 

just the result of general diagenesis.  In addition, some metabolites were seen 

to decrease in the more recent maize variety while others increase (Section 

5.3.3, Figure 5.4), again suggesting there is more than just general diagenesis 

occurring.  Taken together with the genetic data from the same assemblage 

that are consistent with selection for stress resistance mechanisms, these 

observations argue against purely diagenetic effects being responsible for our 



- 138 - 

 

observations that drought stress markers specifically are observed in higher 

levels in the more recent, drought-grown maize.  

To conclude, this work is a novel use of paleometabolomics.  This approach 

can be used on well-preserved archaeological samples in order to assess 

biotic and abiotic stressors that were contemporary with the period when the 

archaeological plant material was grown.   

5.5  Material and Methods 

5.5.1 Archaeological Materials 

The maize cobs used in this study were excavated from Tularosa Cave, New 

Mexico by Martin et al. (1952). Some of the samples used in this study have 

been radiocarbon dated (da Fonseca et al. 2015). The maize samples 

correspond to two temporally distinct occupations: older (1830 - 1719 BP, 

95.4% Cl, n=14) and younger (771 - 681 BP, 95.4% Cl, n=14).  The older 

samples have ‘ovoid’ morphology and the more modern samples have a 

‘cylinder’ shaped morphology.  The inner part of the cob was sampled for 

these analyses.  Information about catalogue numbers and site context is 

provided in Appendix 15. 

 

5.5.2 Metabolite Extraction Method 

The method of Gaffney et al. (2021)200 was followed as described.  The plant 

material (20 mg) was extracted with methanol:water (70:30, v/v, 100 µL). The 

extraction process consisted of shaking at 31 RCF for 30 min in the dark, 

followed by centrifugation at 28413 RCF for 10 min (M-24 Boeco centrifuge). 

The supernatant was transferred to a clean tube, dried using a vacuum 

concentrator (whilst kept cool) and reconstituted in methanol:water (70:30, 

v/v, 100 µL) and subsequently analysed using HPLC–FTICR–MS. All 

samples were extracted in a cold room (5 oC). 
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5.5.3 Data Collection  

Samples were randomised and QCs composed of a pooled aliquot of 5 uL 

from each sample were injected at the start of the experiment (20 injections) 

to equilibrate the column. A QC and a blank were injected after every five 

sample injections. 

 

5.5.4 LC-MS-Based Analysis of Metabolome 

5.5.4.1 Liquid Chromatography Separation Method 

HPLC–MS was carried out using an Agilent 1200 HPLC fitted with an 

Atlantis® T3 column (Waters, cortecs 2.7 µm, 3 × 150 mm); the column 

temperature was maintained at 25 °C. The HPLC was coupled to an 

electrospray FTICR mass spectrometer (Bruker solariX XR 9.4T). The mobile 

phase was composed of water (A) and acetonitrile (B) both with 0.1% (v/v) 

formic acid, and the following gradient was used: 5% B increasing linearly to 

95% over 22 min and held for 2 min. B was then returned to 5% over 0.33 min 

and held for 5.33 min to allow column equilibration. The flow rate was 300 

µL/min and the injection volume was 5 µL. 

 

5.5.4.2 HILIC Separation Method 

HILIC-MS was carried out using Agilent 1200 HPLC fitted with a HILIC 

column (Cortecs HILIC Column, 90 Å, 2.7 µm, 2.1 mm X 150 mm); the 

column temperature was maintained at 25 °C. The HPLC was coupled to an 

electrospray Orbitrap™ Fusion™ Tribrid™ mass spectrometer. The mobile 

phase was composed of water (A) and acetonitrile (B) both with 0.2% (v/v) 

formic acid, and the following gradient was used: 5% A increasing linearly to 

50% over 20 min and held for 2 min. B was then returned to 5% over 0.33 min 
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and held for 5.33 min to allow column equilibration. The flow rate was 0.5 

mL/min and the injection volume was 5 µL. 

 

5.5.5 Mass Spectrometry Methods 

Positive-ion-mode: The LC methods are as described in Section 4.4.4.1. A 

Bruker solariX XR 9.4T mass spectrometer was operated over the m/z range 

57.75–2000.00 with an ESI source. Analytes were detected in the positive-ion-

mode using the following MS parameters: the dry gas flow was 7.0 L/min; 

the dry gas temperature was 200 °C, the source voltage was 4000 V and the 

nebuliser gas pressure was 2.0 bar. 

Negative-ion-mode: The LC methods are as described in Section 4.4.4.1. An 

Orbitrap™ Fusion™ Tribrid™ mass spectrometer was operated in the 

negative-ion-mode over the m/z range 57.75–1000.00 using an ESI source. 

Analytes were detected in the negative-ion-mode using the following MS 

parameters: the ion transfer temperature was 325 °C; the vaporiser 

temperature was 350 °C; the sheath gas was 50 (arb); the aux gas was (arb) 

10; time between master scans was 1 s; the isolation window was 1.6; the 

collisional energy was stepped and the HCD collision energies (%) were 20, 

35, and 60. 

5.5.6 LC–MS–MS 

5.5.6.1 Mass Spectrometry Methods 

The LC methods are as described in Section 4.4.4.1. An Orbitrap™ Fusion™ 

Tribrid™ mass spectrometer was operated in the positive-ion-mode or the 

negative-ion-mode with the following parameters. The m/z range was 85–

1000, and the instrument was fitted with an ESI source (heated electrospray 

ionisation, Easy-Max NG). Analytes were detected in the positive-ion-mode 

using the following MS parameters: the ion transfer temperature was 325 °C; 

the vaporiser temperature was 350 °C; the sheath gas was 50 (arb); the aux 
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gas was (arb) 10; time between master scans was 1 s; the isolation window 

was 1.6; the collisional energy was stepped and the HCD collision energies 

(%) were 20, 35, and 60.  

 

5.5.6.2 Data Handling and Analysis 

Progenesis QI (Waters, Milford, MA, USA), a dedicated software package for 

processing LC–MS data, was used for alignment and peak picking. Bruker .d 

files were imported into Progenesis in centroid mode. The runs were aligned 

and alignment was accepted if within 80% of the reference run. Experimental 

groups were based on the age of the sample as described in Section 5.5.1 and 

Appendix 15. 

At the peak picking stage, the following parameters were set to reduce the 

volume of data to allow the computer to process it. Peaks with a tR of less 

than 1 min were excluded as being within the void and peaks with a tR 

greater than 21 min were excluded on the basis of poor separation during the 

column wash phase. The list of expected charge-bearing species [M]+, 

[M+H]+, [M+2H]2+, [2M+H]+, [M+K]+ and [M+Na]+ for the positive-ion-mode 

and [M-H]−, [M+Cl]−, [M-2H]2−, [M+FA-H]−, [2M-H]− and [M-H2O-H]− for the 

negative-ion-mode were chosen for consideration, as the same compound 

can ionise with more than one charge-bearing species. In the raw data 47,180 

and 62,089 features were identified in the positive and negative-ion-modes, 

respectively. Features with a coefficient of variation greater than 30% in QC 

injections were excluded from further analysis. 

 

5.5.6.3 Statistical Analysis 

Statistical tests were conducted using the programming environment 

language ‘MATLAB (Mathworks, Natick, MA, USA)’ using the package 

‘metabolab’. The data were normalised using the total ion count, de-zeroed at 
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a rate of 50% and QC corrected115. 18,707 and 33,174 features were included 

in the analysis (positive and negative-ion-modes, respectively). Data were 

scaled to unit variance (the data for each variable were mean centered and 

then divided by the standard deviation of the variable). For each feature, the 

non-parametric Mann-Whitney test was used to test the statistical 

significance of differences between groups with Benjamini–Hochberg 

adjustment to correct for multiple testing. 
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Chapter 6. Assessment of the 

Effect of Diagenesis on 

Archaeological Maize Samples: 

Artificial Ageing Experiments 
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6.1  Introduction 

The focus of this chapter was firstly to assess the preservation of the Tularosa 

maize samples and secondly to test the effect of diagenesis on isotope ratios 

and the extractable metabolome. Having found changes in the isotope ratios 

(chapter 3) and the metabolomes (chapter 5) between earlier (1800 BP) and 

later (700 BP) Tularosa maize cobs and it was therefore needed to assess if 

these effects are due to diagenesis or if they are indeed due to biological or 

environmental effects. In the work described in this chapter the state of 

preservation of the maize cobs was assessed using Fourier-transform 

infrared spectroscopy and elemental analysis.  Then amino acid composition 

analysis was conducted to assess protein levels in the two populations of 

Tularosa maize, and the effect of ageing on δ15Nbulk and δ15NAA was 

considered. Finally, the effect of ageing on the maize metabolome was tested. 

The word ‘diagenesis’ was originally used by geologists to describe the 

physical and chemical changes to sediment caused by water-rock 

interactions, microbial activity, and compaction after deposition.  

Archaeologists adopted the word to describe ageing processes that affect 

bones and fossils201.  Ultimately, the word has come to be used to describe the 

modification of an object's chemical or physical structure due to chemical 

and biological processes202. 

In archaeobotanical samples, diagenesis begins as soon as the sample is 

deposited and continues to the discovery of an archaeological specimen and 

can be defined as ‘post depositional change’202.  The processes that affect 

samples can include chemical decomposition, microbial degradation and 

groundwater leaching, and such processes begin immediately.  These 

processes can cause the removal of certain portions of the organic matter, 

contamination, or replacement of organic matter by exogenous material.   
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All of these processes introduce the potential for changing the isotopic 

composition and the metabolomic signature of the residual organic matter.  

Different amino acids have different isotope values79,82 so that preferential 

removal of one amino acid would be expected to alter the bulk isotope ratio 

signature of the sample.  Microorganisms preferentially metabolise amino 

acids that represent better carbon sources (i.e. those with large side-chains), 

such as phenylalanine and glutamate203.   In charred samples, a considerable 

proportion of amino acids are converted to melanoids which are resistant to 

biological degradation due to their structure204.  Furthermore, amino acids 

bound in Maillard reaction products are more resistant to hydrolysis than 

those associated with proteins and polypeptides82. Work by Fraser82 et al. has 

found that burial of grain and seeds has no effect on the δ15N signature and 

Metcalfe and Mead84 have found that uncharred plant remains retain their 

isotope signature.  Metcalfe and Mead also found that considering %C, %N, 

and C/N are not effective approaches to evaluate isotopic alterations of 

ancient plants.  However, attenuated total reflectance Fourier-transform 

infrared spectroscopy (ATR-FTIR) is a promising way to  characterise 

diagenesis processes84. 

In a metabolomics study it is well understood that the metabolome must be 

stabilised immediately on harvesting plant material to preserve the metabolic 

status of the plant (see chapter 4).  However the long term effects of 

deposition are less well understood.   Burial environment can have a big 

impact on the rate and type of diagenesis205.  For example, soil chemistry can 

impact what type of reactions are able to occur, as can whether the 

environment is oxygenated or anoxic. Similarly, if the samples are deposited 

within the water table or where ground water flows, we can expect that to 

have an impact on the metabolome.     

Artificial ageing experiments of archaeobotanical remains often focus on the 

effects of charring.  Therefore, it is common for samples to be heated for a 
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short period of time at very high temperatures (over 100 oC) in order to 

emulate charring effects82,199,206.  In food studies, the effects of shorter term 

ageing are often conducted at lower temperatures (50 oC) for several 

weeks207,208.  The samples from Tularosa Cave are not charred, however they 

far more significantly aged than the samples heated for food studies. 

In this chapter the preservation of the samples from Tularosa Cave was 

assessed using EA and ATR-FTIR spectroscopy.  Artificial ageing 

experiments were used to investigate the effect ageing has on the maize 

metabolome and isotope ratios, including the individual amino acid isotope 

ratios. 

6.2  Results and Discussion 

6.2.1 Assessing the Preservation of the Tularosa Maize 

FTIR and elemental analysis were conducted on modern aged maize and 

archaeological maize from Tularosa cave.  Samples were heated in an oven at 

70 oC for 0, 1, 2, 4, 8, and 16 weeks, in order to artificially age the samples for 

comparison with the Tularosa maize.  Heating at 70 oC was chosen emulate 

the effects of diagenesis experienced by the Tularosa maize.  Heating at 

higher temperature (as often seen in archaeological ageing 

experiments82,199,206) resulted in charring.  Lower temperatures are often 

chosen for food studies207,208; however the samples from Tularosa Cave are 

more significantly aged than the samples heated for food studies.  70 oC was 

chosen with exponential sampling points, as this was hoped to best reflect 

the ageing process of the desiccated samples. 
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6.2.1.1  ATR-FTIR of Archaeological and Modern Aged Maize Shows Limited 

Changes on Comparison with Modern Unaged Maize 

ATR-FTIR spectra were taken of a modern lyophilised sample and samples 

that had been aged at 70 oC for 0, 1, 2, 4, 8 and 16 weeks.  Figure 6.1 shows 

the ATR-FTIR spectra of samples heated for 0 and 16 weeks (1, 2, 4, and 8 

week ATR-FTIR spectra are in Appendix 16).  We might expect to see a 

reduction in CH2 and C–O groups in aged samples, due to loss of organic 

carbon. Styring et al.199 suggested reduced C–O peaks in charred cereal grains 

are due to conversion of starch into melanoidins during Maillard reactions. 

However, in these aged samples there is not a noticeable reduction in these 

signals (CH2 and C-O stretches are labelled on in Figure 6.1). 

 If the high δ15N values observed in the ancient maize from Tularosa 

(discussed in chapter 3) resulted from diagenetic alteration, we might expect 

the greatest changes in the ATR-FTIR spectra to be in the amide peaks of 

samples with the highest δ15N values (samples from the 1800 BP time period), 

but this was not what was observed. As can be seen in Figure 6.2, FTIR 

spectra of the older Tularosa samples compared to younger showed 

negligible changes in the amide and CH2 and C-O stretches.  Therefore, we 

can tentatively conclude that the changes in δ15N values are not due to 

diagenesis, consistent with the literature84.  Further examples of ATR-FTIR 

spectra of Tularosa maize can be found in Appendix 17. 
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Figure 6.1: ATR-FTIR scans of (A) modern unheated sample (0 weeks) and 
(B) modern sample heated at 70 oC for 16 weeks. 
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Figure 6.2: ATR-FTIR scans of Tularosa maize samples (A ) 151, 700 BP 
and (B) 81, 1800 BP. 
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6.2.1.2   Elemental Analysis of Archaeological and Modern aged Maize Shows 

Limited Changes Due to Ageing Processes 

EA of carbon, hydrogen & nitrogen (CHN) was carried out on of 

archaeological maize from Tularosa Cave and on modern samples artificially 

aged by heating at 50 oC and 70 oC.  The percentages of carbon, hydrogen and 

nitrogen were measured and the remaining material is assumed to be 

oxygen, as the compounds are mostly organic and inorganics are assumed to 

be in trace amounts.  No statistical difference in O:C, H:C and C:N ratios 

(Table 6.1) was observed across archaeological age groups (700 BP and 1800 

BP). Trends were not seen across  the artificially aged modern experiments 

either.  The C:N measurements are highly variable.  This is either due to 

improper homogenisation prior to analysis, or because nitrogen percentages 

are so small that they could not be determined accurately (Appendix 18 

contains all EA measurements).  

Table 6.1: Table showing molar ratios (O:C, H:C, C:N) of archaeological 
maize and modern maize heated at 50 oC and 70 oC 

Sample Sample Type Molar 
ratio O:C 

Molar ratio 
H:C 

Molar ratio 
C:N 

81 Tularosa 1800 
BP 0.85 1.53 71.26 

91 Tularosa 1800 
BP 0.94 1.68 75.08 

82 Tularosa 1800 
BP 0.98 1.45 51.03 

123 Tularosa 700 BP 0.85 1.61 142.52 
5 Tularosa 700 BP 0.89 1.71 84.28 

140 Tularosa 700 BP 1.25 0.13 0.85 
151 Tularosa 700 BP 0.91 1.46 74.47 

1 day 55 oC Modern control 0.91 1.65 202.51 
2 days 55 oC Modern control 1.19 1.73 107.70 
5 days 55 oC Modern control 0.89 1.71 84.99 
19 days 55 oC Modern control 0.93 1.68 75.08 
40 days 55 oC Modern control 0.91 1.68 64.61 
0 weeks 70 oC Modern control 0.87 1.55 35.06 
1 weeks 70 oC Modern control 0.76 1.71 91.56 
2 weeks 70 oC Modern control 0.83 1.41 42.21 
4 weeks 70 oC Modern control 0.77 12.16 49.53 
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8 weeks 70 oC Modern control 0.80 1.58 104.77 
16 weeks 70 oC Modern control 0.79 1.60 72.79 

 

In order to assess whether the highly variable C:N values are due to 

instrument error, the C:N were also determined using elemental analyser-IR-

MS (EA-IR-MS).  Is can be seen in Table 6.2 the C:N measurement proved to 

be very unreliable and therefore should not be used to assess preservation.  

A study by Metcalf and Mead84 also suggested that C:N values should not be 

used as an indicator of reliable δ15N measurements because the natural 

variation in C:N in plants is too high to know if changes in this value reflect 

post depositional changes.  However, Fraser et al.82 have found utility in the 

C:N method to assess δ15N measurement reliability when it applies to 

charred samples. 

Table 6.2: Table showing molar ratios of C:N of modern maize heated at 
70 oC comparing two analysers. 

Sample Sample Type 
Molar ratio C:N 

(thermal 
conductivity) 

Molar Ratio (EA-
IR-MS) 

0 weeks 70 oC Modern control 35.1 76.6 
1 weeks 70 oC Modern control 91.6 100.3 
2 weeks 70 oC Modern control 42.2 106.2 
4 weeks 70 oC Modern control 49.5 128.8 
8 weeks 70 oC Modern control 104.8 50.0 
16 weeks 70 oC Modern control 72.8 96.8 

 

6.2.2 Bulk Isotope Ratios of Artificially Aged Samples 

An enrichment of δ15Nbulk was found in the 700 BP Tularosa maize cobs when 

compared with the 1800 BP Tularosa cobs (Chapter 3, Section 3.3.1).  Whilst it 

is most likely that these effects are due to differences in the climate in the 

growing period for these samples, the effect of heating on modern maize was 

assessed to see if this could have an effect on the isotope ratios.  Samples 

were heated at different temperatures(65, 70, 75 and 85 oC) and sampled 

periodically (0, 1, 2, 4, 8, and 16 weeks).  As can be seen in  Table 6.3 the 
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results are variable.  However at each temperature there is, on average, an 

increase of 1.85 ‰ in δ15N values between unheated samples those heated for 

16 weeks.  This is encouraging, as we might expect the older Tularosa maize 

(1800 BP) to be enriched due to diagenesis.  Therefore, the enrichment seen in 

the 700 BP maize suggests this must be due to external factors. 

 

Table 6.3: Table showing δ15N and δ13C values of artificially aged maize. 
  
Weeks Heated Temperature heated δ15N δ13C 
0 65 -2.73 -11.78 
1 65 -1.63 -11.43 
2 65 -0.84 -10.58 
4 65 -0.81 -11.32 
8 65 -1.05 -10.95 
16 65 -0.58 -10.73 
0 70 2.01 -11.93 
1 70 2.04 -11.96 
2 70 1.01 -11.93 
4 70 0.83 -12.03 
8 70 2.89 -11.77 
16 70 1.24 -12.02 
0 75 -4.44 -11.50 
1 75 -2.71 -11.64 
2 75 -2.57 -11.65 
4 75 0.13 -11.58 
8 75 -2.42 -11.73 
16 75 -1.33 -11.47 
0 85 -4.22 -11.64 
1 85 -3.79 -11.74 
2 85 -2.49 -11.57 
4 85 -2.84 -11.53 
8 85 -1.82 -11.48 
16 85 -1.29 -11.39 

 

 



- 153 - 

 

6.2.3 Amino Acid Composition Analysis 

6.2.3.1 Amino acid Composition Analysis 

In Chapter 3 (Section 3.3.3) the isotope ratios of individual amino acids were 

investigated in archaeological maize from Tularosa Cave.  The N% levels  

(approximately 1%) of the Tularosa Cave were low suggesting low amounts 

of remaining protein.  In order to check the levels of protein an amino acid 

composition analysis was carried out.  Appendix 19 contains amino acid 

structural information. Acid hydrolysis to release free amino acids for 

analysis was carried out on samples of modern and ancient maize.  Figure 6.3 

shows the total amino acid content of a range of archaeological maize 

samples (1800 BP, yellow bars and 700 BP, blue bars). 

Thirteen AAs were identified following separation by RP-HPLC (Figure 

6.4).  As can be seen in Figure 6.3 the total amino acid content does not 

appear to be affected by the age of the sample, suggesting similar protein 

levels. 

Figure 6.3: The amino acid concentrations of eight maize cobs found in 
Tularosa Cave. 1800 BP and 700 BP maize age groups are represented by 
yellow and blue coloured bars respectively. Green bar represents 
modern lyophilised maize samples. Error bars represent one standard 
deviation of triplicate experimental replicates.  
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The percentage contribution each AA makes to the total detectable amino 

acid composition is shown in Figure 6.4. The percentage contribution of each 

AA is relatively consistent across the archaeological samples of both age 

groups, again suggesting similar preservation of protein from which the AAs 

were released on acid hydrolysis.  The percentage contributions are also 

similar to those obtained from modern lyophilised maize material. The 

aliphatic AAs Ala, Val, Leu and Ile make up over a third of the % 

composition with Gly making up around 20%. Ser, Thr, Arg, Tyr and Phe 

contribute 25% of the total AAs detected. 



 

Figure 6.4: The AA % composition of eight Tularosa cave maize samples. Modern lyophilised maize in green. Error bars represent the 
standard deviation (1σ) of triplicate experimental replicates.   



 

6.2.3.2 Amino Acid Racemisation Analysis of Tularosa Maize Shows Increased Asx 

D/L and Glx D/L with Age 

Figure 6.5: Figure plotting the racemisation of Asx D/L versus Glx 
D/L.  Archaeological samples from Tularosa Cave (700 BP and 1800 BP) are 
marked as green circles and red squares respectively.  Modern samples that 
were heated at 50 oC for 1, 2, 3, 4, 5, 6, 7, 8 days are marked as purple triangle, 
star, cross, circle, diamond and square respectively.  Control sample (not 
heated) is marked in blue. 

 

The racemisation of amino acids was investigated in artificially aged samples 

and in Tularosa maize.  Some amino acids racemize over time more quickly 

than others (Asp/Asn > Glu/Gln > Ser > Ala)209.   Figure 6.5 shows modern 

samples artificially aged between 0 and 8 days at 50 oC show increasing 

racemization of  Asx (expressed as D/L209–211) with increasing heating time,  
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but this is not observed for Glx.  It is well documented212 that Glx takes 

longer to racemise than Asx, so this observation is not surprising.  It was 

found that the Tularosa maize samples displayed an increased racemisation 

of both Asx and Glx with age, with one outlier in the 1800 BP group, 

indicated on Figure 6.5 with a black circle.   

 

6.2.3.3 Artificially Aged Maize Samples Show No Change in Amino Acid Isotope 

Ratios Compared to a Modern Lyophilised Sample 

The isotope ratios of individual amino acids were measured for a modern 

control and a modern sample which was heated at 70 oC for one week.  The 

δ15NAA values were normalised to δ15NGlx and the results are displayed in 

Figure 6.6, which shows no statistical differences between the modern 

control and the heat aged sample.  The standard deviation is high across 

triplicate measurements for most amino acids, but particularly for Phe in the 

aged sample.   This gives us confidence that the δ15NAA values are resistant to 

some ageing effects and therefore that the δ15NAA values of archaeological 

maize are likely to be robust.  Mean average δ15NAA values are provided in 

Appendix 20. 
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Figure 6.6: δ15NAA values normalised to δ15NGlx from maize inner cob 
samples.   Red squares and black circles represent a sample aged at 70 
oC for one week and a modern control.  Black dotted line, y=0.  Error bars 
represent the standard deviation associated with triplicate analytical 
measurements.   Black dotted line, y=0.  

6.2.4 The Effect of Ageing on the Extractable Maize Metabolome  

To test the effect of ageing on the maize metabolome, maize was oven heated 

(70 oC)  and sampled at several time points: 0, 1, 2, 4, 8, 16, 32 weeks.  The 

maize was then stored at -80 oC prior to extraction.  Two full-scan datasets 

were acquired for each sample extract (one in positive and one in negative 

mode).  An untargeted study of methanol:water-soluble194 maize metabolites 

was performed to identify features that are different across the aged maize 

samples. Two datasets of full-scan positive and negative-ion-mode LC–MS 

data were recorded, using a T3 reversed-phase column, chosen to retain as 

broad a range of metabolite polarities as possible. The data were de-zeroed to 

50% to reduce instances of false positives, and features intensities with a CoV 
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of greater than 30 % were removed from the analysis. The data were also QC 

corrected119.   

PC 1 shows the highest percent of total variance.  Figure 6.7 shows the PCA 

plots for positive and negative mode data. In both positive and negative 

modes the PCA shows that any time spent in the oven versus fresh samples 

(0 weeks) accounts for the variance in PC1 (32.99 % and 33.12 % in positive 

and negative modes respectively).   PC2 shows that that samples from weeks 

1, 2 and 4 group together and samples from 8 and 16 weeks group together.  

This implies that key changes in the extracted metabolome occur after one 

week of heating and also between 4 and 8 weeks of heating at 70 oC. 

Figure 6.7: PCA plots showing the scores for the first two principal 
components obtained using untargeted metabolomic analysis of Zea mays 
cob extracts coloured by weeks spent in 70 oC oven.  Red, green blue, 
yellow turquoise and purple diamonds represent 0, 1, 2, 4, 8, and 16 
weeks respectively. 
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6.2.5 The Effect of Ageing on Drought-Related Metabolites was 

Investigated 

In Chapter 5, drought-related metabolites found in archaeological maize 

samples were investigated.  In this section, the results are described of 

investigating the effect of artificial ageing, as a proxy for diagenesis, on the 

drought markers. The drought-related metabolites were searched for in these 

datasets, based on retention time and accurate mass, in the negative-ion-

mode data of the ageing experiment (Section 6.2.4).  Negative-ion-mode only 

was used, as the negative-ion-mode data set was used in Chapter 5.   Product 

ion information was obtained where possible using a Orbitrap™ Fusion™ 

Tribrid™ mass spectrometer. Metabolite identities were proposed on the 

basis of  the product ion fragmentation score from the Progenesis QI ‘Identify 

Compound’ function  (Table 6.4).  

Table 6.4:  Summary of data on proposed identifications of drought-
related biomarkers in modern artificially aged maize. Proposed 
identifications were assigned using compound databases (Metlin, 
LipidBlast, ChemSpider, Progenesis MetaScope). All features are level 3 
Schymanski identifications130. 

m/z tR 
(min) Formula 

Fragmen
tation 
Score 

ppm 
Isotope 
Similarit
y Scoreh 

Description 

225.0405 5.38 C9H8O4 44.5 1.19 97.26 Caffeic acid 
252.0880 7.85 C11H13NO3 48.1 -0.44 96.24 Phenylalanine 
267.0361 1.46 C4H6O5 32.4 -0.43 99.90 Malic acid 
293.0988 1.33 - - - - Glutamic Acid 

341.1457 2.29 C6H12O4 36.7 0.11 95.99 
Dideoxy-L-
galactose 

465.1042 10.23 C10H10O5 15.2 -0.65 96.93 
Hydroxyferulic 
acid 

559.2546 10.37 C15H20O5 22 -0.22 95.84 

Hydroxyabscisic 
acid or phaseic 
acid 

 

h Isotope similarity score compares the intensities of each isotope between observed and 
theoretical distributions. A total intensity difference of 0 gives a score of 100. 



- 161 - 

 

 

All Progenesis QI compounds abundance profiles can be found in Appendix 

21.  Dideoxy-L-galactose and ABA decreased with heating time.  This 

suggests that their elevated abundances in the 700 BP age group of Tularosa 

maize is indeed due to elevated expression of these molecules in the 

metabolome and not an artifact of diagenesis.  Hydroxyferulic acid, caffeic 

acid and phenylalanine all have negligible abundances when the maize has 

not been heated, but then elevated abundances following heating, suggesting 

they are released due to breakdown of other chemicals due to heating.   

 

6.3 Conclusions 

In this chapter the preservation of the archaeological maize was assessed 

using ATR-FTIR and EA.  It was found that the amide and CH2 and C-O 

stretches were not noticeably different between archaeological age groups, 

suggesting a similar level of preservation.  It can be concluded that the 

samples retain a portion of organic material.  This conclusion is also 

supported by the amino acid analysis data; total amino acid amounts 

released on acid hydrolysis of the different age samples are similar, as are the 

relative amounts of the different amino acids detected  between 

archaeological age groups.  As expected, racemization of Glx and Asx 

increased with the age of the samples (with one exception).  Furthermore, 

comparison of the δ15NAA values of a modern sample and an aged sample 

showed that the δ15NAA value is resistant to diagenetic change.  

Ageing appears to have a significant impact on the maize metabolome when 

heated at 70 oC for 1 week.  A further key change occurs between 4 and 8 

weeks.  Unfortunately, only a limited number of metabolites were identified 

in this experiment; however, investigation of drought markers that could be 
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identified offered interesting insights.  Dideoxy-L-galactose and ABA 

decreased with time spent being heated.  This suggests that their elevated 

abundances in the 700 BP age group of Tularosa maize is indeed due to 

expression of these molecules in the metabolome and not to diagenesis.  It is 

surprising that a photosensitive molecule such as ABA has survived in the 

maize cobs.  Hydroxyferulic acid, caffeic acid and phenylalanine all have 

negligible abundances when the maize has not been heated, but then 

elevated abundances following heating, suggesting they are produced due to 

chemical reactions catalysed by heating.  Malic acid and glutamic acid 

appear resistant to diagenetic effects from heating at least for a week.   

To conclude, the Tularosa maize cobs are well preserved and offer a wealth 

of information.  Here it was shown that increased δ15N values in the more 

modern archaeological maize samples are most likely not due to diagenesis, 

as heating to simulate ageing increased rather than decreased  δ15N values.  

Furthermore, it was demonstrated that several drought metabolites are 

resistant to diagenesis and thus that their presence in the younger maize 

tissue extracts suggests that these are indeed indicative of  a drought stress 

response in the ancient maize. 

6.4  Material and Methods 

6.4.1 Experimental Samples 

B73 maize was sampled in 1 inch think sections and heated in GC ovens at 

various temperatures (40, 60, 70, 75 and 85 oC) for 0, 1, 2, 4, 8, and 16 weeks.  

Sample were also heated at 55 oC for 0, 1, 2, 3, 4, 5, 6, 7, 8 days and 55 oC for 1, 

2, 5, 19 and 40 days. 

6.4.2 Archaeological Samples 

Archaeological samples of Tularosa maize were investigated as described in 

Appendix 14. 
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6.4.3 Attenuated Total Reflectance Fourier-Transform InfraRed 

Spectroscopy  

 Bruker Alpha II InfraRed spectrometer was used.  Approximately 1 gram of 

solid sample was placed on the Platinum Diamond-ATR QuickSnap 

Sampling Module attachment.  Measurements were taken over the 

wavenumbers: 4000 - 400 cm⁻¹.  The maximum resolution is 0.75 cm⁻¹ using J-

Stop cards and the wavenumber accuracy is < 0.05 cm⁻¹. 

 

6.4.4 LC-MS Metabolome Extraction  

The method of Gaffney et al. (2021)194 was followed as described.  The plant 

material (10 mg) was homogenised and extracted with methanol:water 

(70:30, v/v, 100 µL). The extraction process consisted of shaking at 31 RCFfor 

30 min in dark conditions, followed by centrifugation at 28413 RCF for 10 

min. The supernatant was transferred to a clean tube, dried using a vacuum 

concentrator (whilst kept cool) and reconstituted in methanol:water (70:30, 

v/v, 100 µL) and subsequently analysed using HPLC–FTICR–MS. All 

samples were extracted in a cold room (5 oC). 

 

6.4.4.1  Data Collection 

Three replicates of B73 maize heated at 70 oC were used per group (0, 1, 2, 4, 

8, 16 weeks) and two technical replicates per sample.  For analysis by LC–

MS, the sample injections were separated into two semi-randomised batches 

containing one technical replicate from each extract. QCs composed of a 

pooled aliquot of 5 uL from each sample were injected at the start of the 

experiment (20 injections) to equilibrate the column. A QC and a blank were 

injected after every five sample injections. 
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6.4.5 LC–MS-Based Analysis of Metabolome 

6.4.5.1  LC-MS Mass Spectrometry Methods 

The LC methods are described in Section 4.4.4.1. A Bruker solariX XR 9.4T 

mass spectrometer was operated over the m/z range 57.75–2000.00 with an 

ESI source. Analytes were detected in the positive-ion-mode using the 

following MS parameters: the dry gas flow was 7.0 L/min; the dry gas 

temperature was 200 °C, the source voltage was 4000 V and the nebuliser gas 

pressure was 2.0 bar. 

6.4.5.2  Data Handling and Analysis 

Progenesis QI (Waters, Milford, MA, USA), a dedicated software package for 

processing LC–MS data, was used for alignment and peak picking. Bruker 

.d   files were imported into Progenesis in centroid mode. The runs were 

aligned and alignment was accepted if within 80% of the reference run. 

Experimental groups were based on the age of the sample as described in 

Section 6.4.1. 

At the peak picking stage, the following parameters were set to reduce the 

volume of data to allow the computer to process it. Peaks with a tR of less 

than 1 min were excluded as being within the void and peaks with a tR 

greater than 21 min were excluded on the basis of poor separation during the 

column wash phase. A minimum peak width of 0.05 min was set. The list of 

expected charge-bearing species [M]+, [M+H]+, [M+2H]2+, [2M+H]+, [M+K]+ 

and [M+Na]+ for the positive-ion-mode and [M-H]−, [M+Cl]−, [M-2H]2−, 

[M+FA-H]−, [2M-H]− and [M-H2O-H]− for the negative-ion-mode were chosen 

for consideration, as the same compound can ionise in more than one way. In 

the raw data 34,718 and 20,440 features were identified in the positive and 

negative-ion-modes, respectively. Features with a CoV greater than 30% in 

QC injections were excluded from further analysis. 
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6.4.5.3 Statistical Analysis 

Statistical tests were conducted using the programming environment 

language ‘MATLAB (Mathworks, Natick, MA, USA)’ using the package 

‘metabolab’. The data were normalised using the total ion count, de-zeroed at 

a rate of 50% and QC batch corrected119. 951 and 11,554 features were 

included in the analysis (positive and negative-ion-modes, respectively). 

Data were scaled to unit variance (the data for each variable is mean centered 

and then divided by the standard deviation of the variable). For each feature, 

the non-parametric Mann-Whitney test was used to test the statistical 

significance of differences between groups with Benjamini–Hochberg 

adjustment to correct for multiple testing.  

6.4.6 LC–MS–MS 

6.4.6.1 Mass Spectrometry Methods 

The LC methods are as described in Section 4.4.4.1. An Orbitrap™ Fusion™ 

Tribrid™ mass spectrometer was operated in negative-ion-mode with the 

following parameters. The m/z range was 85–1000, and the instrument was 

fitted with an ESI source (heated electrospray ionisation, Easy-Max NG). 

Analytes were detected in the positive-ion-mode using the following MS 

parameters: the ion transfer temperature was 325 °C; the vaporiser 

temperature was 350 °C; the sheath gas was 50 (arb); the aux gas was (arb) 

10; time between master scans was 1 s; the isolation window was 1.6; the 

collisional energy was stepped and the HCD collision energies (%) were 20, 

35, and 60.  

 

6.4.7 Amino acid analysis  

6.4.7.1 Acid Hydrolysis and Amino Acid Recovery  

Archaeological and modern maize inner cob powders (ca. 5 mg) were 

weighed and added to a sterile 2 mL glass hydrolysis vial. Vials were sealed 
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using a screw cap with silicon insert. HCl (6 M, 100 µL) was added to the 

sample vial. Three vials were made for each cob, forming three experimental 

replicates for each cob. The vials were placed in an oven at 110 oC. The 

samples were removed from the oven after 24 h and allowed to cool to room 

temperature. The samples were evaporated to dryness using a centrifugal 

evaporator at room temperature for 24 h. Dry samples were rehydrated 

using rehydration fluid (100 µL, 0.01 M HCl, 1.5 mM NaN3, 0.01 mM L-

homo-arginine) where the non-proteinogenic amino acid L-homo-arginine 

was used as an internal standard. Following rehydration, samples were 

vortexed (20 s) and centrifuged to separate remaining insoluble maize cob 

from solution. The supernatant (2.5 µL aliquot) was transferred to a sterile 

autosampler vial with tapered insert and made up to 15 µL using L-homo-

arginine rehydration fluid (12.5 µL) prior to analysis. 

 

6.4.7.2  RP-HPLC of Amino Acids 

The amino acid compositions of the samples were analysed by RP-HPLC 

using fluorescence detection following a modified method of Kaufman and 

Manley et al.213 . 2 µL of sample solution was injected and mixed online with 

2.2 µL of derivatising reagent (260 mM N-iso-L-butyryl L-cysteine, 170 mM 

o-phthaldialdehyde in 1 M potassium borate buffer, adjusted to pH 10.4 with 

potassium hydroxide pellets). The amino acids were separated by RP-HPLC 

(Aligent 1100 series; HyperSil C18 BDS column: 250 mm length, 5 mm 

diameter, 5 µm particle size) at 25 oC using a gradient elution of three 

solvents: sodium acetate buffer (solvent A: 23 mM sodium acetate trihydrate, 

1.5 mM sodium azide, 1.3 µM ethylenediaminetetraacetic acid, adjusted to 

pH 6.00 ± 0.01 with acetic acid and sodium hydroxide), methanol (solvent C) 

and acetonitrile (solvent D). Initially 95% A and 5% C was used at a flow rate 

of 0.56 mL/min, and the composition gradient was increased to 50% C and 

2% D after 95 minutes. Prior to the injection of the next sample, the column 
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was flushed with 95% C and D for 15 minutes, followed by equilibration of 

95% A and 5% C for 5 minutes. The fluorescence detector uses a xenon-arc 

flash lamp at a frequency of 55 Hz, with a 280 nm cut-off filter and an 

excitation wavelength of 230 nm and emission wavelength of 445 nm. 

 

6.4.8 Stable Isotope Ratio and EA (Carbon and Nitrogen) of Bulk Maize 

Cob Powder 

Archaeological and modern maize inner cob powders were weighed in 

duplicate (2 mg) using an MT5 6dp micro balance (Mettler Toledo, Ohio, 

USA) into tin capsules, which were analysed by EA-IR-MS in a GSL analyser 

coupled to a 20-22 mass spectrometer (Sercon, Crewe, UK). An Exeter 

Analytical Inc. CE-440 analyser was also used for elemental analysis. 
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Chapter 7.  Conclusions and 

Future Research 
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7.1   Summary 

The overarching aim of this PhD project was to examine the effects of 

drought stress on the maize metabolome and the isotopic composition of 

maize. Specifically, both modern maize plants grown under experimentally-

imposed watering conditions, as well as archaeological maize samples from 

Tularosa Cave were examined, as the latter offer a unique proxy for future 

droughts.   

In summary, analysis of the ancient maize material by ATR-FTIR 

spectroscopy and EA showed that the archaeological maize is well preserved 

and retains a significant portion of organic material and nitrogen containing 

compounds.  The amino acid composition analysis shows that total amino 

acid content was consistent across sample age groups, as was the percentage 

contribution each amino acid makes to the total.  Since protein is the main 

source of nitrogen in the material, this gives confidence that nitrogen isotope 

ratios measurements are not significantly compromised due to loss of protein 

by diagenesis.  Ageing experiments showed that compound specific δ15NAA 

values were also not altered due to heating. 

It was found that nitrogen isotope ratios offer a novel way to infer drought 

stress conditions in both modern and archaeological samples.  Climate 

records can show us that crops were cultivated during periods of drought 

but cannot tell us whether this stress was mitigated by anthropogenic 

practices such as irrigation.  Measurements of bulk δ15N can be used as a 

direct indicator that the plants experienced drought stress, but survived and 

adapted, and taken together with genetic adaptations, allow us build 

evidence for material having been subjected to drought. Measuring bulk δ15N 

can therefore be used to monitor the effects of changing climatic conditions 

directly in well-preserved archaeobotanical remains.  The δ15Nbulk 

measurements were reflected in the compound specific δ15NAA values.  
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Understanding how humans have adapted their agricultural practices in the 

past, and how maize has responded genetically to past climate change, could 

contribute a vital perspective to present-day food security during the current 

climate crisis. Testing the oxygen and carbon isotope ratios of cellulose 

proved to be of limited value in this regard.  However, when the source 

water isotope ratio of oxygen is known, then this could prove to be an 

interesting area of investigation. 

This study has shown that lyophilising plant material is an effective way to 

stabilise the extractable plant metabolome in maize and extracting 

lyophilised material is as effective as extracting fresh material under liquid 

nitrogen. Lyophilisation is thus an adequate alternative to the more 

challenging, resource-intensive and potentially hazardous liquid nitrogen 

processing techniques. This observation has the potential to improve sample 

processing efficiencies which can be a bottle-neck in metabolomics 

workflows. However, the effect of desiccation on labile molecules such as 

phytohormones and the value of carrying out cold room extractions 

following lyophilisation require further study. The lyophilisation extraction 

technique also gave us  useful information for application in our 

archaeobotanical studies where archaeological plant tissues were naturally 

preserved via desiccation. 

Divergence in the metabolomic profiles of the experimentally drought-

stressed maize studied here occurs with the onset of drought stress at the 

three-leaf stage. Drought stress at the grain-fill growth stage indicated a 

further divergence from the metabolome of well-watered plants. Differences 

in response to drought stress were also observed in two plant tissues, kernels 

and inner cob. It was shown that the drought-stress response was dominant 

across both tissue types and that inner cob material can be a useful source of 

information when no kernels are available. Untargeted metabolomic 
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profiling is clearly a powerful tool to better understand the biochemical 

mechanisms maize employs to cope with drought stress. 

It was found that paleometabolomics can be used on well preserved 

archaeological samples in order to assess biotic and abiotic stressors that 

were contemporary with the period when the archaeological plant material 

was grown.  Sucrose was found in higher abundance in the more modern 

Tularosa maize, which we suggest could be due to an adaptation to drought 

stress in the region.  Ageing experiments showed that the most significant 

change in the extractable maize metabolome comes immediately after the 

samples are heated, within the first week.  This leads us to suggest that the 

biggest changes in archaeological extractable metabolomes will occur rapidly 

after deposition.  We infer that the changes in the extractable metabolomes of 

the different age groups of Tularosa maize samples are not due to diagenesis, 

but due to climate adaptations of the maize. 

To conclude, this project has looked at the adaptations of ancient maize to 

historical drought to inform strategies that could be used to protect crops 

during modern day climate change.  As temperatures are rising and parts of 

the world become increasingly vulnerable to drought events, the adaptations 

of our crops to historical drought events provide unique insights into 

protecting our crops from future droughts. 

 

 

 

7.2  Recommendations for Future Research 

7.2.1 Strategies to Protect Crops During Modern Day Climate Change 

This PhD project has looked at the adaptations of ancient maize to historical 

drought to inform strategies that could be used to protect crops during 
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modern day climate change.  Such strategies could include selective breeding 

to produce maize which exhibits traits resembling the drought adapted 

archaeological maize and breeding to produce the metabolites identified in 

this PhD. 

7.2.2 Use of Oxygen and Carbon Cellulose Isotope Ratios to Test for 

Drought Stress 

In the work outlined in Chapter 3 the effect of drought stress upon cellulose  

δ18O values was found to be inconclusive.  Previous studies17,54 have shown 

that the source water of ancient maize can be can be traced.  If the source 

water was known, then smaller perturbations in the δ18O values could 

perhaps then be attributed to climate.  The results from chapter 3 also 

suggest δ13Cbulk values are impacted by drought conditions, however further 

studies, including of individual amino acid carbon isotope measurements are 

needed to clarify this finding.  

 

7.2.3 Control Experiments for Amino Acid Isotope Ratios 

Fertiliser application causes an enrichment in δ15Nbulk values70, 71, which is 

similar to the effect of drought stress.  In this study, climate data and 

archaeological context point towards drought stress being the reason that 

δ15Nbulk values are higher. 

in the later than the earlier Tularosa maize samples.  However, thorough 

investigations of the effect of fertilisation on δ15N values and the metabolome 

versus that of drought would help elucidate  these issues in future studies. 
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7.2.4 Effect of Different Burial Environments on Archaeobotanical 

Metabolome and Isotope Ratios 

In this work the effect of diagenesis was investigated using heating 

experiments.  However, the burial environment of an archaeological sample 

also has an effect on the degradation processes.  For example, whether the 

environment is anoxic or oxidising will affect the chemical processes of 

degradation.  In this study, the samples were notably well preserved in a 

stable cave environment, so burial effects are minimised.  A controlled study 

where samples are buried in different  environments would help us to 

understand the effect this may have on the extractable metabolome and 

isotope ratios. 

 

7.2.5  Effect of Different Cooking Techniques on Archaeobotanical 

Metabolome and Isotope Ratio Values 

In this thesis the isotope ratios and metabolome were considered of maize, 

without consideration of any pre-depositional processes which may have 

occurred, such as cooking.  Many of the archaeobotanical remains we are 

interested in are food crops; it is highly likely that some archaeobotanical 

remains have been cooked or pre-processed prior to deposition.  It is advised 

that control experiments which consider the effects of cooking are carried 

out.    

Often, samples are also found charred.  Whilst charring will have a 

significant impact on the metabolome of the samples, interesting information 

may still be accessible if we are able to relate the charred signature by 

comparison with  uncharred material.  Control experiments where maize is 

charred or boiled could expand our understanding of paleometabolomics 

and isotope ratio studies.  

 



- 174 - 

 

7.2.6 Use of Metabolomics for Other Archaeobotanical Remains and 

Other Human/Animal Remains as a Complement to Other `Omics 

Techniques 

Paleometabolomics is a promising and novel way to analyse ancient organic 

remains which has the ability to discover stress responses of past organisms.  

This could have a very wide variety of applications including: assessing 

abiotic and biotic stressors of other ancient desiccated plant remains 

(similarly to the work described in this thesis); studying the metabolomes of 

human-manipulated objects such as timber, ivory and shells and studying 

well-preserved human remains.  A previous study has used metabolomics to 

investigate the stomach contents of ‘Iceman’105; this approach could be 

applied to other mummified remains.  It could be used to identify 

biomarkers of disease and stress in these individuals, and to identify dietary 

markers.   Paleometabolomics is best utilised in combination with other 

`omics techniques where it can be used to directly evidence ancient nucleic 

acid or paleoproteomic inferences.  
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Appendix  

Appendix 1: left and right images are examples of ‘ovoid’ and 
‘cylindrical’ shaped corn cobs respectively, from the 1800 ± 50 BP and 700 
± 50 BP occupations of Tularosa Cave.   
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Appendix 2: The %N and δ15N values of B73 and B76 maize grown under different conditions.  Moderate and severe drought equate 
to drought at the 3-leaf growing stage and drought at both the 3-leaf and grain-fill stages respectively. 

Watering Regime Sample Identification Tissue Type % N 

δ15N (‰) 

Corrected 

Average 
Sample Uncertainty 

Well-Watered B73 G Inner cob 0.53 -6.47 0.37 

Well-Watered B73 J Inner cob 0.28 -6.44 0.32 

Well-Watered B73 K Inner cob 0.25 -6.24 0.29 

Moderate Drought B73 B Inner cob 1.38 -4.14 0.26 

Moderate Drought B73 C Inner cob 1.80 -3.70 0.26 

Moderate Drought B73 D Inner cob 2.18 -2.78 0.30 

Severe Drought B73 E Inner cob 3.22 -4.05 0.27 

Severe Drought B73 FA Inner cob 3.22 -4.13 0.26 

Severe Drought B73 FB Inner cob 3.04 -4.82 0.34 
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Well-Watered B73 G Kernel 1.67 -2.78 0.29 

Well-Watered B73 KA Kernel 1.75 -1.95 0.27 

Well-Watered B73 KB Kernel 1.70 -1.73 0.29 

Moderate Drought B73 B Kernel 1.74 -3.07 0.29 

Moderate Drought B73 C Kernel 1.79 -3.19 0.31 

Moderate Drought B73 D Kernel 2.27 -3.66 0.36 

Severe Drought B73 E Kernel 3.39 -4.24 0.28 

Severe Drought B73 FA Kernel 3.39 -4.13 0.33 

Severe Drought B73 FB Kernel 3.78 -4.63 0.43 

Well-Watered B76 G Inner cob 1.51 -5.03 0.27 

Well-Watered B76HA Inner cob 1.62 -4.58 0.39 

Well-Watered B76 HB Inner cob 1.89 -3.04 0.31 

Well-Watered B76 I Inner cob 2.38 -5.41 0.28 

Moderate Drought B76 D Inner cob 1.79 -4.37 0.29 
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Moderate Drought B76 EA Inner cob 1.85 -3.26 0.29 

Severe Drought B76 A Inner cob 1.75 -2.94 0.28 

Severe Drought B76 B Inner cob 1.77 -3.10 0.25 

Severe Drought B76 CA Inner Cob 3.11 -3.77 0.33 

Severe Drought B76 CB Inner Cob 3.45 -2.36 0.30 

Well-Watered B76 G Kernel 1.34 -5.24 0.41 

Well-Watered B76 H Kernel 2.48 -3.65 0.32 

Well-Watered B76 I Kernel 2.12 -4.26 0.35 

Well-Watered B76 J Kernel 1.95 -1.43 0.25 

Moderate Drought B76 D Kernel 2.34 -4.36 0.28 

Moderate Drought B76 EA Kernel 2.05 -3.16 0.30 

Moderate Drought B76 EB Kernel 2.75 -1.56 0.29 

Severe Drought B76 A Kernel 1.57 -3.17 0.76 

Severe Drought B76 B Kernel 2.40 -2.12 0.29 
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Severe Drought B76 C Kernel 1.97 -2.75 0.31 
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Appendix 3: The %N and δ15N values of Tularosa maize outer cob samples.  The catalogue number, grid square and level are noted. 

Cob Morphology 
Sample 

Identification 
Cat. No Square Level % N 

δ15N (‰) 

Corrected 

Average 

Sample 

Uncertainty 

ovoid 56 314984 2R2 14 4.06 4.25 0.22 

ovoid 57 314984 2R2 14 2.57 4.14 0.20 

ovoid 61 314984 2R2 14 1.19 1.93 0.23 

ovoid 62 314980 2R1 13 1.18 3.72 0.51 

ovoid 63 314981 2R1 13 0.82 2.67 0.19 

ovoid 65 314924 2R1 12 0.74 4.32 0.19 

ovoid 66 314924 2R1 12 0.76 4.297 0.25 
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ovoid 67 314940 2R1 12 1.01 5.70 0.31 

ovoid 68 314940 2R1 12 0.83 1.40 0.33 

ovoid 71 316025 2R1 13 1.90 3.47 0.19 

ovoid 72 315043 2R1 13 1.94 3.14 0.43 

ovoid 73 314924 2R1 12 2.02 3.70 0.19 

ovoid 74 314940 2R1 12 1.11 2.36 0.26 

ovoid 75 314980 2R1 13 0.67 3.10 0.28 

ovoid 76 315264 3R2 11 4.06 6.24 0.21 

ovoid 77 314924 2R1 12 0.77 4.67 0.35 

ovoid 78 315264 3R2 11 1.38 3.95 0.20 
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ovoid 79 315043 2R1 13 2.22 2.78 0.54 

ovoid 80 314940 2R1 12 0.98 2.97 0.20 

ovoid 82 314980 2R1 13 1.19 3.73 0.23 

ovoid 85 315272 2R1 12 2.20 6.84 0.25 

ovoid 86 314981 2R1 13 1.18 3.52 0.10 

ovoid 87 315043 2R1 13 2.21 4.35 0.27 

ovoid 93 314982 2R1 13 1.46 4.37 0.38 

ovoid 96 314982 2R1 13 1.03 4.97 0.23 

ovoid 97 314982 2R1 13 1.48 1.94 0.30 

ovoid 99 314982 2R1 13 0.90 3.80 0.19 
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ovoid 101 314940 2R1 12 1.00 2.84 0.38 

ovoid 102 314924 2R1 12 0.72 3.89 0.23 

ovoid 105 314043 2R1 13 1.00 4.61 0.18 

ovoid 106 314043 2R1 13 0.98 1.31 0.24 

cylindrical 114 315073 3R2 2 1.18 9.18 0.21 

cylindrical 115 315073 3R2 2 1.68 6.51 0.20 

cylindrical 116 315073 3R2 2 1.48 5.09 0.21 

cylindrical 119 315075 3R2 3 1.11 10.20 0.62 

cylindrical 122 315076 3R2 3 1.75 9.30 0.19 

cylindrical 123 315077 3R2 3 1.02 11.44 0.30 
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cylindrical 127 314742 2R1 1 1.02 8.87 0.25 

cylindrical 128 314742 2R1 1 0.97 9.17 0.23 

cylindrical 129 314742 2R1 1 2.08 9.33 0.17 

cylindrical 131 314742 2R1 1 1.61 10.27 0.26 

cylindrical 132 314750 2R1 1 0.95 8.65 0.53 

cylindrical 133 314750 2R1 1 1.14 7.19 0.61 

cylindrical 134 314750 2R1 1 1.53 4.88 0.28 

cylindrical 135 314750 2R1 1 1.34 6.29 0.27 

cylindrical 136 314731 2R2 2 1.10 6.29 0.27 

cylindrical 137 314731 2R2 2 1.36 12.21 0.15 
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cylindrical 138 314731 2R2 2 0.73 7.78 0.74 

cylindrical 139 314731 2R2 2 0.92 6.10 0.20 

cylindrical 141 314739 2R2 2 3.02 7.80 0.28 

cylindrical 142 314739 2R2 2 0.83 8.83 0.18 

cylindrical 143 314739 2R2 2 0.87 8.30 0.37 

cylindrical 144 314739 2R2 2 0.99 10.22 0.20 

cylindrical 145 314741 2R2 2 0.94 7.17 0.19 

cylindrical 147 314741 2R2 1 3.64 9.16 0.58 

cylindrical 148 314741 2R2 1 0.88 9.60 0.29 

cylindrical 149 314741 2R2 1 0.93 12.80 0.28 
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cylindrical 150 314721 2R2 4 0.72 9.00 0.19 

cylindrical 151 314721 2R2 4 1.24 5.73 0.21 

cylindrical 152 314721 2R2 4 1.09 9.60 0.29 

cylindrical 153 314721 2R2 4 1.00 12.80 0.28 

cylindrical 154 314721 2R2 4 1.02 9.00 0.19 

cylindrical 5 314984 2R2 14 1.08 5.73 0.21 
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Appendix 4: The %N and δ15N values of Tularosa maize inner cob samples. The catalogue number, grid square and level are noted. 

Inner Cob 

Cob 

Morphology 

Sample 

Identification 

Cat. No Square Level % N δ15N (‰) 

Corrected 

Average 

Sample 

Uncertainty 

ovoid 56 314984 2R2 14 1.44 3.03 0.3 

ovoid 57 314984 2R2 14 1.17 2.06 0.27 

ovoid 61 314984 2R2 14 1.22 3.89 0.21 

ovoid 62 314980 2R1 13 1.18 3.72 0.51 

ovoid 63 314981 2R1 13 1.33 5 0.41 

ovoid 65 314924 2R1 12 1 7.86 0.18 

ovoid 66 314924 2R1 12 1.19 6.4 0.35 
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ovoid 68 314940 2R1 12 1.67 -6.15 0.8 

ovoid 69 314940 2R1 12 1.57 -2.09 0.35 

ovoid 72 315043 2R1 13 1.75 2.31 0.2 

ovoid 73 314924 2R1 12 2.3 -0.66 0.43 

ovoid 74 314940 2R1 12 2.53 -4.01 0.33 

ovoid 75 314980 2R1 13 0.73 4.19 0.23 

ovoid 77 314924 2R1 12 1.05 7.49 0.17 

ovoid 78 315264 3R2 11 0.67 5.94 0.2 

ovoid 79 315043 2R1 13 0.86 4.37 0.2 

ovoid 80 314940 2R1 12 1.03 6.1 0.7 
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ovoid 81 314981 2R1 13 0.7 3.1 0.28 

ovoid 82 314980 2R1 13 1.24 1.84 0.23 

ovoid 84 314923 2R1 12 1.38 3.75 0.22 

ovoid 85 315272 2R1 12 0.96 6.51 0.18 

ovoid 86 314981 2R1 13 1.26 8.7 0.32 

ovoid 87 315043 2R1 13 2.5 5.73 0.19 

ovoid 88 314940 2R1 12 1.18 3.89 0.29 

ovoid 90 314923 2R1 12 0.92 9.6 0.31 

ovoid 93 314982 2R1 13 1.82 -0.74 0.26 

ovoid 96 314982 2R1 13 1.03 4.96 0.23 
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ovoid 97 314982 2R1 13 1.11 2.47 0.33 

ovoid 99 314982 2R1 13 0.82 4.2 0.24 

ovoid 101 314940 2R1 12 4.35 -4.97 0.75 

ovoid 102 314924 2R1 12 0.54 3.04 0.67 

ovoid 103 314981 2R1 13 1.66 12.17 0.2 

ovoid 105 314043 2R1 13 1 4.61 0.18 

ovoid 106 314043 2R1 13 0.6 -0.9 0.35 

cylindrical 114 315073 3R2 2 1.18 6.45 0.81 

cylindrical 115 315073 3R2 2 1.68 7.14 0.28 

cylindrical 116 315073 3R2 2 1.11 4.16 0.23 
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cylindrical 119 315075 3R2 3 1.29 10.48 0.15 

cylindrical 121 315076 3R2 3 1.75 9.18 0.21 

cylindrical 123 315077 3R2 3 1.02 6.51 0.2 

cylindrical 131 314742 2R1 1 2.24 17.15 1.42 

cylindrical 132 314750 2R1 1 1.17 9.91 1.2 

cylindrical 133 314750 2R1 1 0.82 14.7 0.97 

cylindrical 134 314750 2R1 1 1.55 10.98 0.3 

cylindrical 135 314750 2R1 1 1.42 14.2 0.7 

cylindrical 136 314731 2R2 2 1.1 8.65 0.53 

cylindrical 137 314731 2R2 2 1.36 7.19 0.61 
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cylindrical 138 314731 2R2 2 0.63 5.12 0.81 

cylindrical 147 314741 2R2 2 3.92 7.9 0.16 

cylindrical 151 314721 2R2 4 1.24 9.16 0.58 

cylindrical 152 314721 2R2 4 1.09 9.6 0.29 

cylindrical 154 314721 2R2 4 1.02 9 0.19 

cylindrical 5 314984 2R2 14 0.9 6.42 0.22 
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 Appendix 5: δ13Cbulk, δ13Ccellulose and δ18Ooxygen values for modern experimental samples, inner cob.  %C is also provided. 

Growing 

Conditions 

Sample ID % C δ13Ccellulose (‰) δ18Ocellulose (‰) 

Corrected 

Average 

Sample Uncertainty Corrected Average Sample Uncertainty 

Well-Watered B73G 4.36 -12.55 0.07 34.00 0.09 

Well-Watered B73J 0.18 -12.38 0.07 32.51 0.21 

Well-Watered B73K 0.36 -12.54 0.06 33.27 0.16 

Moderate Drought B73B 0.12 -14.38 0.13 30.03 0.15 

Moderate Drought B73C 0.11 -14.19 0.06 30.02 0.02 

Severe drought B73F 0.10 -14.46 0.07 30.01 0.19 

Severe drought B73E - - - 30.86 0.13 

Well-Watered B76G 0.02 -13.01 0.06 32.32 0.11 
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Well-Watered B76I 0.07 -12.89 0.10 32.51 0.05 

Moderate Drought B76D - - - 30.12 0.19 

Moderate Drought B76E 0.10 -14.37 0.06 31.91 0.09 

Severe drought B76B 0.23 -13.63 0.09 33.04 0.05 

Severe drought B76C 0.09 -13.68 0.09 33.99 0.18 
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Appendix 6:  δ13Ccellulose and δ18Ooxygen values for archaeological samples.  The catalogue number, grid square and level are noted. % C 
is also provided. TL indicates Tularosa Cave. 

Cob Morphology Sample ID Cat. No Square Level % C δ13Ccellulose (‰) δ18Ocellulose (‰) 

   Corrected 

Average 

Sample 

Uncertainty 

Corrected 

Average 

Sample 

Uncertainty 

Ovoid TL61 314984 2R2 14 39.91 -8.41 0.16 31.00 0.04 

Ovoid TL75 314980 2R1 13 41.62 -8.89 0.09 30.28 0.22 

Ovoid TL81 314981 2R1 13 40.76 -8.72 0.09 31.44 0.04 

Ovoid TL85 315272 3R2 11 40.88 -8.98 0.02 30.22 0.099 

Ovoid TL93 314982 2R1 13 41.12 -8.98 0.03 29.60 0.09 

Cylindrical TL108 315113 3R2 4 41.81 - - 32.96 0.06 

Cylindrical TL119 315075 3R2 3 42.20 -8.54 0.01 30.29 0.08 

Cylindrical TL121 315076 3R2 3 40.02 -9.31 0.07 32.04 0.04 
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Cylindrical TL123 315077 3R2 3 40.59 -8.62 0.08 26.30 0.26 

Cylindrical TL132 314750 2R2 1 41.51 -8.65 0.09 33.54 0.04 

Cylindrical TL140 314739 2R2 2 41.58 -9.24 0.08 33.84 0.19 

Cylindrical TL141 314739 2R2 2 40.41 -8.87 0.09 30.56 0.08 

Cylindrical TL145 314741 2R2 1 41.69 -9.05 0.08 31.92 0.07 

Cylindrical TL146 314741 2R2 1 41.63 -8.65 0.08 33.59 0.20 

Cylindrical TL151 314721 2R2 4 40.74 -9.53 0.07 32.16 0.09 

Cylindrical TL5 314984 2R2 14 41.64 -9.75 0.07 30.79 0.08 
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Appendix 7:  Calibration curve of δ15NAA acid values. 

 

 

 

 

 

Appendix 8: Table showing the moisture content of the maize used in the 
extraction condition experiment. 

Sample Fresh weight (g) Dry weight (g) Moisture content (%) 
B73I 1.199 0.237 80 
B73H 1.748 0.603 66 
B73G 1.798 0.627 65 
B73J 1.923 0.687 64 
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Appendix 9: Characteristic base peak ion chromatogram for (a) LNE (b) 
LC and (C) LRT samples obtained using a T3 column coupled to high 
resolution mass spectrometry (LC-HRMS) to allow the retention and 
separation of metabolites with a broad range of polarities. 
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Appendix 10: Summary of data on all possible drought related biomarkers of maize.  Possible identifications were assigned using 
compound databases (Metlin, LipidBlast, ChemSpider, Progenesis MetaScope *Indicates the data were scaled. The adjusted ANOVA 
p-val is quoted.  Where a possible identification is provided this indicates level 3 Schymanski identifications130. Where no possible 
identification could be provided this indicates level 4. 

 

Tissue 

Type 

Scan 

Mode 
m/z tR 

Molecular 

Species 
MF ppm p-val Possible Identification 

Fragmentation 

Score 

K N* 279.1238 9.52 [M-H]- C15H20O5 -0.04 9.60E-15 Neophaseic Acid (neoPA) 50.1 

K N* 143.0349 
3.88 and 

3.89 
[M-H]- C6H8O4 0.3 1.78E-14 Methyl itaconate 58.5 

K N* 129.0193 2.05 [M-H2O-H]- C5H8O5 0.4 6.73E-14 Citramalic acid 29.4 

K N* 345.0827 2.8 [M-H]- C14H18O10 0.02 3.71E-9 No fragmentation information - 

K N 423.2517 21.18 [M+FA-H]- C19H39O5P 0.05 1.25E-10 No fragmentation information - 

K N 447.2516 19.95 [M-H2O-H] C22H43O8P -0.32 8.07E-14 - - 

K N 375.0570 3.88 [M-H]- C14H16O12 -0.24 1.85E-13 - - 

K N 632.2858 11.88 [M-H]- C29H48NO12P -1.92 2.301E-3 - - 

K N 735.2141 7.19 [M-H]- C34H40O18 0.09 3.19E-18 No fragmentation information - 
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K P* 480.3075 18.87 [M+H]+ C23H46NO7P -0.21 1.19E-22 PE(18:1/0:0) 55.1 

K P* 260.1700 17.77 [M+2H]2+ C23H46N6O5S -0.5 4.86E-18 No fragmentation information - 

K P 520.3398 17.75 [M+H]+ C26H50NO7P -0.1 1.28E-18 PC(18:2/0:0) 88.8 

K P 634.3008 11.80 [M+H]+ C36H43NO9 -0.35 4.55E-4 - - 

K P 522.3556 18.99 [M+H]+ C26H52NO7P -0.42 2.42E-16 PC(18:1/0:0) 78.4 

K P 478.2929 17.66 [M+H]+ C23H44NO7P -0.26 9.06E-16 No fragmentation information - 

K P 493.2810 8.07 [M+H]+ C28H36N4O4 -0.09 2.01E-5 No fragmentation information - 

IC N* 538.1745 8.37 [M-H]- C24H25N7O8 1.0 8.46E-26 - - 

IC N* 559.1068 9.91 [M-H]- C19H29O17P -0.7 1.89E-14 - - 

IC N* 491.1194 9.89 [M-H]- C23H23O12 0.3 2.81E-23 
Aurantio-obtusin β-D-

glucoside 
35.4 

IC N 423.2514 21.18 [M+FA-H]- C19H39O5P -0.04 7.29E-16 No fragment info - 

IC N 447.2517 19.95 [M-H2O-H] C22H43O8P -0.4 1.18E-5 - - 

IC N 483.2729 19.32 [M-H]- C22H45O9P -0.91 3.04E-14 - - 

IC N 571.2889 18.00 [M+FA-H]- C24H47O10P -0.05 8.75E-9 - - 

IC N 540.3305 18.51 [M+FA-H]- C24H50NO7P 0.37 1.81E-8 Lysolecithin 63.5 

IC P* 370.1131 6.54 [M+H]+ C16H19NO9 0.46 6.59E-28 - - 
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IC P* 527.1550 12.71 [M+H]+ C27H26O11 -0.35 8.17E-31 No fragment info - 

IC P* 493.1340 9.84 [M+H]+ C23H24O12 0.02 1.56E-28 No fragment info - 

IC P* 540.1900 8.31 [M+H]+ C27H30N3O7P -0.5 4.23E-29 No fragment info - 

IC P* 527.1537 13.05 [M+H]+, C27H26O11 0.2 8.17E-31 - - 

IC P 441.2022 10.95 [M+H]+ C24H28N2O6 -0.31 3.60E-19 No fragment info - 

IC P 903.3771 10.97 [M+H]+ C49H58O16 0.2 3.72E-24 - - 

IC P 265.1547 6.83 [M+H]+ C14H20N2O3 0.04 1.10E-28 Feruloyl putrescine 43.2 

IC P 411.1914 10.84 [M+H]+ C23H26N2O5 0.1 3.60E-19 No fragment info - 
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Appendix 11: Table showing features with the highest loadings of PC1. *Scaled data. Where a possible identification is provided this 
indicates level 3 Schymanski identifications130. Where no possible identification could be provided this indicates level 4. 

Scan 
Mode 

 m/z tR Molecular Species MF ppm p-val Possible 
Identification 

Fragmentation 
Score 

N  237.0766 7.20 [M-H2O-H]- C12H16O5 -0.52 1.02x10-5 P-Gal 59.8 

N  439.1872 9.60 [M+Cl]-,  [2M-H]-, [M+FA-H]-, 
[ M-H]- 

C24H28N2O2 
 

4.7x10-3 - - 

N  329.2328 11.30 [M+Cl]-, [2M-H]-, [ M-H]- C18H34O5 -1.2 4.7x10-3 Pinellic acid 12.3 

N  413.1239 11.55 [M+Cl]-, [2M-H]-, [M+FA-H]-, 
[ M-H]- 

C22H22O8 -1.73 0.17 - - 

N  377.0853 1.17 [M+Cl]-, [2M-H]-, [M+FA-H]-, 
[ M-H]- 

C12H22O11 -0.86 4.1x10-3 Sucrose or 
trehalose 

34 

N and N*  413.0871 9.34 [M-H2O-H]-, [M+FA-H]- C21H20O10 -1.73 7.95 
x10-5 

Isovitexin or 
vitexin 

64.5 

N and N*  209.0091 5.97 [ M-H]- C9H6O6 -0.17 8.21 
x10-6 

Trimesic acid 47.5 

N*  291.0509 8.44 [ M-H]-, [M+FA-H]- C13H10O5 -0.49 4.90x10-5 Pimpinellin 29.6 

N*  399.0707 10.61 - - - 1.33x10-5 - - 

N*  273.0403 9.24 [M-H]- C14H10O6 -0.38 1.02x10-5 Athyriol 
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N*  347.0769 7.97 - - 
 

3.82x10-5 - - 

N*  483.1296 9.43 [ M-H]- C25H24O10 
 

1.75 x10-5 - - 

P*  383.1125 12.81 [ M+H]- C21H18O7 -0.19 8.06x10-5 Deoxyaklanonic 
acid 

55 

P*  579.1863 13.31 - -  4.82x10-4 - - 

P*  565.1699 13.05 - - - 3.93x10-4 - - 

P*  425.1204 11.26 - -  3.13x10-4 - - 

P*  521.1434 12.55 [2M+H]+ C14H12O5 0.02 1.33x10-3 Methoxy- 
stypandrone 

38 

P*  565.1692 12.56 - - - 5.39x10-4 - - 

P*  631.1788 13.05 - - - 2.29x10-4 - - 

P*  127.7051 12.81 - - - 7.29x10-4 -  

P*  509.1441 13.61 - - - 4.82x10-4 - - 

P*  577.1688 12.56 - - - 1.61x10-3 - - 

P*  577.1314 13.36 - - - 1.47x10-3 - - 

P*  535.1597 12.58 - - - 1.33x10-3 - - 

P*  537.1758 12.97 - - - 1.47x10-3 - - 
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P*  399.1053 11.36 - - - 2.55x10-4 - - 

P*  551.1546 11.75 - - - 1.09x10-3 - - 
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Appendix 12: Extracted ion chromatograms (m/z 377-378) of authentic 
sucrose and trehalose standards and archaeological samples: TL130 and 
TL140. 
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Appendix 13: Table showing features with fragmentation scores greater than 75 (peak width  ≤ 0.15, isotope similarity ≤ 95 and -1 ≤ 
ppm ≥ 1).  The compound class of these metabolites was assigned using the KEGG database. Note: description shows database 
matches, whilst the stereochemistry cannot be assigned, the exact match is displayed. 

 

Description m/z tR Fragmentation Score Class 

(1S,2R)-3-Methyl-3,5-

Cyclohexadiene-1,2-diol 107.0501 6.56 66.3 NA 

Ethyl maltol 121.0294 6.72 74 NA 

1,4,5,6-Tetrahydro-6-oxonicotinic 

acid 122.0247 3.36 67.9 Organic acids 

2,5-Dioxopentanoic acid 129.0193 3.27 66.1 Organic acids 

Glutaric acid 131.035 2.67 73.6 Organic acids 

Malic acid 133.0142 1.55 64.4 Organic acids 

(1R,6S)-6-Amino-5-oxo-2-

cyclohexene-1-carboxylic acid 136.0404 5.35 60.8 Peptides 
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(3E)-3-(Aminomethylene)-2H-

pyran-2,6(3H)-dione 138.0197 2.72 63 Peptides 

L-Fucono-1,5-lactone 143.035 2.45 69.9 Carbohydrates 

5-Hydroxypipecolic acid 144.0667 2.05 69 Organic acids 

2-Formylbenzofuran 145.0295 7.20 68.6 NA 

Coumarin 145.0295 8.78 67.3 Phytochemical compounds 

(R)-4-Dehydropantoic acid 145.0506 5.65 67.8 Organic acids 

Methylglutaric acid 145.0506 4.58 65.3 Organic acids 

D-Xylonolactone 147.03 1.81 66.7 Carbohydrates 

6-Imino-5-oxocyclohexa-1,3-

dienecarboxylic acid 150.0197 6.88 61.9 Organic acids 

Gallic acid 151.0038 7.58 60.8 Phytochemical compounds 

1,6-Dihydroxy-2-methylcyclohexa-

2,4-dienecarboxylic acid 151.0401 7.32 71 Organic acids 

Menisdaurilide 151.0401 5.00 66.9 NA 
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1,6-Dihydroxy-4-methyl-2,4-

cyclohexadiene-1-carboxylic acid 151.0401 6.13 77.5 Organic acids 

3-Amino-5-hydroxybenzoic acid 152.0354 4.48 77.1 Organic acids 

1-Carbapenem-3-carboxylic acid 152.0354 3.57 61.1 NA 

5-Amino-5-deoxy-3-

dehydroshikimic acid 152.0354 2.23 76.8 Organic acids 

2-Hydroxyhepta-2,4-dienedioic 

acid 153.0194 6.54 72.4 Lipids 

(-)-3-Dehydroshikimic acid 153.0194 5.88 69 NA 

Suberic acid 155.0714 5.46 68.3 Lipids 

5-Acetamidopentanoic acid 158.0824 3.41 60.2 NA 

D-Galactono-1,5-lactone 159.03 1.34 60.7 Carbohydrates 

2-Cyanophenol 164.0354 4.82 61.2 Organic acids 

3-(Carboxyethyl)-3,5-

cyclohexadiene-1,2-diol 165.0557 7.67 62.1 Organic acids 
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Pyridoxal 166.051 6.22 72.4 Vitamins and Cofactors 

Dehydroacetic Acid 167.035 7.84 84.3 NA 

Vanillic acid 167.0351 6.02 61.4 Organic acids 

3-Methylpyrrole-2,4-dicarboxylic 

acid 168.0303 9.71 66.7 Organic acids 

(S)-2,3-Dihydrodipicolinic acid 168.0303 3.39 60.1 Organic acids 

(R)-3-[(R)-3-

Hydroxybutanoyloxy]butanoic 

acid 171.0664 7.69 61.1 Organic acids 

5-Deoxy-5-aminoshikimic acid 172.0617 2.02 62.2 NA 

N-Acetyl-L-leucine 172.098 6.53 70.1 Peptides 

4-Hydroxy-4-methylcyclohexanone 173.0819 7.41 60.1 NA 

5,6-Dihydroxy-3-methyl-1,5,6-

trihydroquinolin-2-one 174.0561 6.30 76.1 NA 

Caffeoquinone 177.0194 6.53 66.5 Organic acids 
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(+)-Paeonilactone B 177.0557 10.56 64.7 NA 

(3S,4R)-3,4-Dihydroxy-1,5-

cyclohexadiene-1,4-dicarboxylic 

acid 181.0143 6.89 61.8 Organic acids 

Maltol propionate 181.0507 7.58 63.5 Organic acids 

2-Oxotetrahydrofuran-3,4-diyl 

diacetate 183.0299 5.02 67.6 NA 

2-Hydroxy-5-methylquinone 183.0299 6.76 76.6 Organic acids 

1,2-dihydro-3-ethylcatechol 185.0819 7.69 62 Organic acids 

Allysine 190.0722 1.19 71.1 Peptides 

Dehydro-D-arabinono-1,4-lactone 191.0198 1.27 68 Organic acids 

2-Hydroxychromene-2-carboxylic 

acid 191.035 8.77 69.6 Organic acids 

(2E)-5-Hydroxyferulic acid 191.035 9.25 69.8 Phytochemical compounds 

(+)-Homotyrosine 194.0822 8.49 61.9 Peptides 



- 211 - 
 

 

(1S,4S)-4-Hydroxy-3-

oxocyclohexanecarboxylic acid 203.0561 4.53 65.9 Organic acids 

N-Carboxymethylisatin 204.0302 7.40 63.4 Organic acids 

Indolelactic acid 204.0665 8.07 62.4 Organic acids 

2-Hydroxy-8-methylchromene-2-

Carboxylate 205.0506 7.71 61.9 Organic acids 

3,4-Dihydro-1-benzoxepin-5(2H)-

one 207.0662 6.08 60.5 NA 

(E)-Ethyl caffeate 207.0662 8.70 70.7 Phytochemical compounds 

6-Hydroxy-2-chromanone 209.0454 7.32 61.5 Phytochemical compounds 

(S)-Betalamic acid 210.0408 6.51 68.4 Phytochemical compounds 

Enicoflavine 210.0771 4.09 67.5 NA 

1,4-Benzodioxan-2-methanol 211.0612 5.64 67.4 NA 

Coixinden B 215.0713 11.45 62.1 NA 

Butyryl-L-homoserine lactone 216.0877 3.41 66.9 Lipids 
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8-Acetyl-4-methylumbelliferone 217.0506 8.12 66.4 Phytochemical compounds 

2'-Deoxynebularine 217.0729 4.08 64.5 NA 

9-Oxononanoic acid 217.1081 7.25 60.9 Lipids 

2-Hydroxyquinoline-3-

carbaldehyde 218.0458 6.30 64.9 NA 

8-METHOXYKYNURENIC ACID 218.0458 7.89 60.6 NA 

2-(3-Carboxypropionyl)-6-

hydroxy-cyclohexa-2,4-diene 

carboxylic acid 221.0455 8.78 69.8 Organic acids 

7-Hydroxy-2-methyl-4H-chromen-

4-one 221.0455 7.04 64.6 NA 

Hymecromone 221.0455 9.17 67.4 Phytochemical compounds 

Salsolinol 224.0928 12.31 68 Phytochemical compounds 

Traumatic Acid 227.1289 10.86 62.3 Lipids 

Bis-noryangonin 229.0505 8.26 71.7 NA 
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Pyriculol 229.0869 11.13 60.9 NA 

Dodecanedioic acid 229.1444 13.97 62.1 Lipids 

(S)-2-Acetamido-6-oxopimelic acid 230.067 1.70 66 Lipids 

Homoaconitate 233.0302 1.26 61.9 Organic acids 

Ramentaceone 233.0455 9.11 71.9 Phytochemical compounds 

2-Hydroxycinchoninic acid 234.0407 6.54 62.8 Organic acids 

2-Carboxy-2-hydroxy-8-

carboxychromene 235.0247 5.90 66 NA 

Ayapin 235.0247 5.32 63.4 Phytochemical compounds 

4,8-Dimethyl-7-hydroxycoumarin 235.0612 8.05 65 NA 

Methyl 4-(cyanomethoxy)benzoate 236.0564 6.46 65 NA 

Scopoletin 237.0405 7.72 66.8 Phytochemical compounds 

(3S)-3,6,8-Trihydroxy-3,4-dihydro-

1(2H)-naphthalenone 239.056 5.69 71.1 NA 
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(R)-(-)-6-Hydroxymellein 239.0561 6.02 60.6 NA 

Kakuol 239.0561 9.80 71.2 NA 

Cnidilide 239.1288 10.87 61.8 NA 

Dopaquinone 240.0513 1.67 69.4 Peptides 

Isodictamnine 244.0615 5.85 61.9 Phytochemical compounds 

5-Methylangelicin 245.0454 10.78 61.7 Phytochemical compounds 

Isobergaptol 247.0247 6.99 62.5 NA 

Monomethyl Azelate 247.1186 7.06 62 NA 

Spirodilactone 249.0403 7.69 66.2 NA 

2-O-Ethyl ascorbic acid 249.0615 1.22 66.3 Organic acids 

Gentianamine 250.072 6.66 65.3 Organic acids 

4-(Adamantan-1-ylamino)-4-

oxobutanoic acid 250.1447 7.89 60.4 Organic acids 

Eugenin 251.056 6.05 61.5 Phytochemical compounds 
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Acetyleugenol 251.0925 12.18 62.8 Organic acids 

Jasmonic acid 255.1237 7.67 60.7 Lipids 

Ranunculin 257.0666 3.00 65.5 Phytochemical compounds 

lactucin 257.0818 11.27 61.3 Phytochemical compounds 

Cucurbic acid 257.1395 9.83 67.8 Lipids 

5-Decen-3-one, 9-hydroxy-2,2,9-

trimethyl 257.1758 14.03 61.2 NA 

2-Hydroxy-6-ketononadienedioic 

acid 259.0458 3.08 60.5 NA 

Mycosinol 259.0611 9.12 69.4 NA 

Mannitol 1-phosphate 261.038 1.11 77.6 NA 

Farinosin 261.1131 13.05 60.3 Phytochemical compounds 

Ethyl 5-methoxy-1-benzofuran-2-

carboxylate 265.0716 8.28 62.1 Organic acids 

Polygonolide 265.0717 7.45 77.3 Phytochemical compounds 
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Metaxalone 266.1032 7.37 61.5 NA 

2-Hydroxy-7-hydroxymethyl-2H-

Chromene-2-carboxylic acid 267.0509 7.97 61 Organic acids 

3-Deoxy-D-glycero-D-galacto-2-

nonulosonic acid 267.0721 1.19 68.8 Carbohydrates 

Blumenol A 269.1393 9.32 75.5 Organic acids 

Murrayanine 270.0771 9.76 69.5 NA 

Toralactone 271.0611 9.68 70.1 NA 

Xanthyletin 273.0768 11.30 63.3 Phytochemical compounds 

Desmethoxyyangonin 273.0768 11.53 67.7 NA 

3-beta-D-Glucopyranuronosyloxy-

5-methylisoxazole 274.0568 1.22 62 Carbohydrates 

3,4,6,7-Tetrahydro-2,5,8-

benzotrioxacycloundecin-1,9-dione 281.0665 6.94 63.2 NA 

Dihydrophaseic acid 281.1393 10.08 60.4 Lipids 
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Cypripedin 283.0611 16.16 68.1 NA 

(S)-Hemiketal 285.0767 9.79 69.1 Organic acids 

Navenone C 285.113 8.99 63.2 NA 

Methylstyrylpyron 289.0717 9.69 62 Organic acids 

Allamandin 289.0717 10.11 63.2 Phytochemical compounds 

9-O-Acetylneuraminic acid 290.0881 1.57 76.2 Carbohydrates 

2-(4-Hydroxyphenyl)-3-

benzofuranyl methyl ketone 297.0766 10.40 75.4 NA 

3,9-Dihydroxyptercarp-6a-en 299.056 9.09 67.1 Lipids 

4-Hydroxy-3-[3-(2-hydroxy-5-

methoxy-phenyl)-acryloyl]-6-

methyl-pyran-2-one 301.0715 10.26 63 NA 

1-(beta-D-Ribofuranosyl)-1,4-

dihydronicotinamide 301.104 1.68 66.3 NA 

(-)-Jasmonoyl-L-isoleucine 304.1916 16.39 61.2 Peptides 
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Rubrofusarin 307.0377 12.95 64.9 Phytochemical compounds 

Paeonoside 309.0978 9.48 62.7 Carbohydrates 

Furofoline I 310.0719 9.60 71.9 Phytochemical compounds 

Isoxepac 313.0716 8.86 65.3 NA 

Tolcapone 318.0617 11.88 60.4 NA 

Carbestrol 319.1548 12.34 70.1 NA 

Magellanine 320.1865 18.48 66.9 NA 

Lycofawcine 322.2021 9.34 65.5 NA 

(2Z)-3-[2-(beta-D-

Glucopyranosyloxy)phenyl]acrylic 

acid 325.0926 7.11 60.7 NA 

Kaempferol 331.0457 9.22 61.2 Lipids 

Chlorogenoquinone 333.0613 7.66 68.6 NA 

Platyphylline 336.1814 12.91 60.2 Phytochemical compounds 
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Cyclopentolate 336.1814 10.22 60.2 NA 

Stealthin C 352.0824 8.88 63.8 NA 

(5S,6S,10R,14aS,14bS)-6-Hydroxy-

10-methoxy-4,5,6-

trimethyldodecahydro[1,6]dioxacy

clododecino[2,3,4-gh]pyrrolizine-

2,7-dione 354.1919 12.35 61 NA 

1-O-trans-Cinnamoyl-beta-D-

Glucopyranose 355.1032 6.73 69.1 NA 

Aflatoxin 357.0613 11.45 64.8 Lipids 

(+)-Prosopinine 358.2596 17.78 65.6 Phytochemical compounds 

6-Methoxyaromadendrin 3-O-

acetate 359.0769 9.53 66.1 Phytochemical compounds 

Neobyakangelicol 361.0926 7.58 68.6 NA 

Coronatine 364.1763 13.59 64.9 NA 
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Homocapsaicin 364.2126 15.35 72.1 Phytochemical compounds 

Dihexyverine 366.2647 18.33 78.1 NA 

(5Z,9beta,11beta,13E,15S)-9,11,15-

Trihydroxythromboxa-5,13-dien-1-

oic acid 369.2279 9.65 86.4 Lipids 

Methyl (2R)-4-hydroxy-6'-

methoxy-6-methyl-3,4'-dioxo-3H-

spiro[1-benzofuran-2,1'-

cyclohexa[2,5]diene]-2'-carboxylate 375.0718 8.21 71 NA 

Megastachine 376.2127 17.05 77.7 NA 

Triflubazam 379.0909 5.99 64.3 NA 

Erucic acid 383.3165 20.06 62.1 Lipids 

(S)-Usnic acid 389.0876 10.50 68.3 Lipids 

Eupatilin 389.0876 8.16 60.5 Lipids 

Tetracenomycin M 401.0876 10.73 71.8 NA 
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(-)-Cubebin 401.1239 11.25 63.8 NA 

(2S-3S)-Versiconal hemiacetal 403.0668 8.54 70.7 NA 

5,8-Dihydroxy-3-(4-

hydroxybenzyl)-7-methoxy-4-

chromanone 8-acetate 403.1033 8.15 60.9 NA 

Columbin 403.1395 9.34 61.4 Phytochemical compounds 

Averantin 417.119 10.06 61.4 NA 

(1S,2S,3S,5R,8R,11R,12S,13S,15S)-5-

(3-Furyl)-12-hydroxy-3,11-

dimethyl-6,14,16-

trioxapentacyclo[10.3.2.0~2,11~.0~3,

8~.0~13,15~]heptadecane-7,17-

dione 419.1347 8.63 73.7 NA 

Eupatundin 421.1504 6.61 67.2 Phytochemical compounds 

1-O-Acetyl-alpha-maltose 429.125 1.68 66.8 Organic acids 

Cleomiscosin A 431.0982 9.29 69.1 Phytochemical compounds 
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Glucosyloxyanthraquinone 431.0982 7.56 81.2 NA 

(-)-Medicocarpin 431.1346 8.93 65.2 Lipids 

Dromostanolone 

tetrahydropyranyl ether 433.2958 19.76 69.9 NA 

Cassiaside 449.1088 8.39 71.5 NA 

Methyl aklanonate 455.0982 11.84 61.2 Organic acids 

Leiocarposide 613.1776 6.32 76.7 Carbohydrates 

Plantamajoside 639.1934 7.19 75.8 Carbohydrates 

Hellicoside 655.1885 6.27 66.7 Organic acids 

Tricin 7-diglucuronoside 681.1312 7.48 65 Organic acids 

Sucrose 377.0853 1.17 33.8 Carbohydrates 
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Appendix 14: Figure showing relative abundances of features from 
scaled data: 1 (m/z: 130.0510, tR: 1.78), 2 (m/z: 261.1131, tR: 12.04.40), 3 (m/z: 
129.0557, tR: 3.25), 4 (m/z: 179.0562, tR: 1.19), 5 (m/z: 145.0506265, tR: 5.65), 6 
(m/z: 361.1289, tR: 7.11), 7 (m/z: 146.0459, tR: 1.68), 8 (m/z: 146.0459, tR: 
10.56), 9 (m/z: 223.02478, tR: 5.81), 10 (m/z: 191.0350, tR: 9.25), 11 (m/z: 
261.1131, tR: 12.04), 12 (m/z: 145.0295, tR: 8.78), 13 (m/z: 304.1917, tR: 9.52), 14 
(m/z: 133.0142, tR: 1.55), 15 (m/z: 206.0822, tR: 7.56), 16 (m/z: 210.0771, tR: 
4.09), 17 (m/z: 225.0404, tR: 6.59), 18 (m/z: 167.0351, tR: 6.02). Yellow and 
blue diamonds represent 1800 and 700 BP groups respectively.  
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Appendix 15: The catalogue number, grid square and level of 
archaeological samples from archaeological maize from Tularosa Cave 
(Martin et al. 1952). TL indicates Tularosa Cave. 

Cob Morphology Sample ID Cat. No Square Level 

Ovoid TL56 314984 2R2 14 

Ovoid TL57 314984 2R2 14 

Ovoid TL63 314981 2R1 13 

Ovoid TL67 314940 2R1 12 

Ovoid TL72 315043 2R1 13 

Ovoid TL75 314980 2R1 13 

Ovoid TL77 314924 2R1 12 

Ovoid TL81 314981 2R1 13 

Ovoid TL86 314981 2R1 13 

Ovoid TL87 315043 2R1 12 

Ovoid TL95 316025 2R1 13 

Ovoid TL96 314982 2R1 13 

Ovoid TL97 314982 2R1 13 

Ovoid TL104 314982 2R1 13 

Cylindrical TL108 315113 3R2 3 
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Cylindrical TL114 315073 3R2 2 

Cylindrical TL116 315073 3R2 2 

Cylindrical TL120 315075 3R2 3 

Cylindrical TL127 314742 2R1 1 

Cylindrical TL128 314742 2R1 1 

Cylindrical TL137 314731 2R2 2 

Cylindrical TL140 314739 2R2 2 

Cylindrical TL144 314739 2R2 2 

Cylindrical TL146 314741 2R2 1 

Cylindrical TL152 314721 2R2 4 

Cylindrical TL153 314721 2R2 4 

Cylindrical TL154 314721 2R2 4 

Cylindrical TL5 314984 2R2 14 
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Appendix 16: ATR-FTIR scans of modern maize heated at 70 oC for 0, 1, 2, 
4, 8 and 16 weeks. 
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Appendix 17: ATR-FTIR scans of archaeological maize (123, 151, 81, 82) 
TL indicates Tularosa Cave. 
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Appendix 18:  Elemental analysis data of archaeological maize from Tularosa Cave and modern samples heated in the oven at 55 oC 
and 70 oC.  TL indicates Tularosa Cave. 

Sample Element C H N Rest (assume all O) Molar ratio O:C Molar ratio H:C Molar ratio C:N 
TL81 Observed % MASS 1 43.93 5.58 0.67 49.32       
1800 BP Observed % MASS 2 44.03 5.73 0.77 49.48     
  Mean % MASS 43.98 5.66 0.72 49.65     
  SD of Mean % MASS 0.07 0.11 0.07 0.11     
  Mean molar ratio 3.66 5.61 0.05 3.10 0.85 1.53 71.26 
TL91 Observed % MASS 1 42.19 5.92 0.58 51.31       
 1800 BP Observed % MASS 2 41.50 5.90 0.72 51.88     
  Mean % MASS 41.85 5.91 0.65 51.60     
  SD of Mean % MASS 0.49 0.01 0.10 0.40     
  Mean molar ratio 3.48 5.86 0.05 3.22 0.94 1.68 75.08 
TL82 Observed % MASS 1 39.79 4.85 0.98 54.38       
  Observed % MASS 2 42.04 5.12 0.89 51.95     
 1800 BP Mean % MASS 40.92 4.99 0.94 53.17     
  SD of Mean % MASS 1.59 0.19 0.06 1.72     
  Mean molar ratio 3.41 4.95 0.07 3.32 0.98 1.45 51.03 
TL123 Observed % MASS 1 43.87 5.93 0.37 49.53       
  Observed % MASS 2 44.12 5.95 0.35 49.58     
 700 BP Mean % MASS 44.00 5.94 0.36 49.71     
  SD of Mean % MASS 0.18 0.01 0.01 0.04     
  Mean molar ratio 3.66 5.89 0.03 3.11 0.85 1.61 142.52 
TL5 Observed % MASS 1 43.46 6.17 0.55 49.82       
  Observed % MASS 2 41.81 6.10 0.62 51.47     
 700 BP Mean % MASS 42.64 6.13 0.59 50.65     
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  SD of Mean % MASS 1.17 0.05 0.05 1.17     
  Mean molar ratio 3.55 6.08 0.04 3.17 0.89 1.71 84.28 
TL140 Observed % MASS 1 42.02 5.75 0.46 51.77       
  Observed % MASS 2 41.44 5.40 0.22 52.95     
 700 BP Mean % MASS 41.73 5.57 0.34 52.36     
  SD of Mean % MASS 0.41 0.25 0.17 0.83     
  Mean molar ratio 3.45 5.53 0.02 3.27 1.25 0.13 0.85 
TL151 Observed % MASS 1 42.10 5.20 0.49 52.21       
  Observed % MASS 2 42.83 5.18 0.84 51.15     
 700 BP Mean % MASS 42.47 5.19 0.67 51.68     
  SD of Mean % MASS 0.52 0.01 0.25 0.75     
  Mean molar ratio 3.54 5.15 0.05 3.23 0.91 1.46 74.47 
1 day 55C oven Observed % MASS 1 42.50 5.94 0.32 51.24       
  Observed % MASS 2 42.59 5.83 0.17 51.41     
  Mean % MASS 42.55 5.89 0.25 51.33     
  SD of Mean % MASS 0.06 0.08 0.11 0.12     
  Mean molar ratio 3.54 5.84 0.02 3.21 0.91 1.65 202.51 
2 days 55C oven Observed % MASS 1 35.97 5.27 0.46 58.30       
  Observed % MASS 2 36.99 5.31 0.33 57.37     
  Mean % MASS 36.48 5.29 0.40 57.84     
  SD of Mean % MASS 0.72 0.03 0.09 0.66     
  Mean molar ratio 3.04 5.25 0.03 3.61 1.19 1.73 107.70 
5 days 55C oven Observed % MASS 1 43.46 6.17 0.55 49.82       
  Observed % MASS 2 41.81 6.10 0.62 51.47     
  Mean % MASS 42.64 6.14 0.59 50.65     
  SD of Mean % MASS 1.17 0.05 0.05 1.17     
  Mean molar ratio 3.55 6.09 0.04 3.17 0.89 1.71 84.99 
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19 days 55C oven Observed % MASS 1 42.19 5.92 0.58 51.31       
  Observed % MASS 2 41.50 5.90 0.72 51.88     
  Mean % MASS 41.85 5.91 0.65 51.60     
  SD of Mean % MASS 0.49 0.01 0.10 0.40     
  Mean molar ratio 3.48 5.86 0.05 3.22 0.93 1.68 75.08 
40 days 55C oven Observed % MASS 1 42.34 6.06 0.86 50.73       
  Observed % MASS 2 41.87 5.80 0.66 51.63     
  Mean % MASS 42.11 5.93 0.76 51.21     
  SD of Mean % MASS 0.33 0.18 0.14 0.64     
  Mean molar ratio 3.51 5.88 0.05 3.20 0.91 1.68 64.61 
0 weeks 70  Observed % MASS 1 43.45 5.68 1.25 49.62       
  Observed % MASS 2 42.83 5.51 1.62 50.04     
  Mean % MASS 43.14 5.60 1.44 49.83     
  SD of Mean % MASS 0.44 0.12 0.26 0.30     
  Mean molar ratio 3.59 5.55 0.10 3.11 0.87 1.55 35.06 
1 weeks 70  Observed % MASS 1 46.27 6.28 0.63 46.82       
  Observed % MASS 2 46.38 6.53 0.55 46.54     
  Mean % MASS 46.33 6.41 0.59 46.68     
  SD of Mean % MASS 0.08 0.18 0.06 0.20     
  Mean molar ratio 3.86 6.35 0.04 2.92 0.76 1.71 91.56 
2 weeks 70  Observed % MASS 1 44.35 5.21 1.20 49.24       
  Observed % MASS 2 44.68 5.36 1.26 48.70     
  Mean % MASS 44.52 5.29 1.23 49.24     
  SD of Mean % MASS 0.23 0.11 0.04 0.38     
  Mean molar ratio 3.71 5.24 0.09 3.08 0.83 1.41 42.21 
4 weeks 70  Observed % MASS 1 46.21 5.50 0.98 47.31       
  Observed % MASS 2 45.95 6.12 1.19 46.74     
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  Mean % MASS 46.08 5.81 1.09 47.03     
  SD of Mean % MASS 0.18 0.44 0.15 0.40     
  Mean molar ratio 3.84 5.76 0.08 2.94 0.77 12.16 49.53 
8 weeks 70  Observed % MASS 1 44.69 6.00 0.56 48.75       
  Observed % MASS 2 46.05 6.01 0.45 47.49     
  Mean % MASS 45.37 6.01 0.51 48.12     
  SD of Mean % MASS 0.96 0.01 0.08 0.89     
  Mean molar ratio 3.78 5.96 0.04 3.01 0.80 1.58 104.77 
16 weeks 70  Observed % MASS 1 45.56 6.11 0.94 47.39       
  Observed % MASS 2 44.32 5.99 0.50 49.19     
  Mean % MASS 44.94 6.05 0.72 47.39     
  SD of Mean % MASS 0.88 0.08 0.31 1.27     
  Mean molar ratio 3.74 6.00 0.05 2.96 0.79 1.60 72.79 
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Appendix 19: Table showing the properties of amino acids. R group is shown in black. And for proline the base structure is drawn in 
red.  Hydrophobicity data obtained from Monera et al214. 

Amino acid 3 letter code Molecular weight/ gmol-1 R group Charge at pH7 Hydrophobicity index at pH 7 

Alanine Ala 89.1 

 

0 41 

Arginine Arg 174.2 

 

1 -14 

Asparagine Asn 132.1 

 

0 -28 

Aspartic acid Asp 133.1 

 

-1 -55 
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Cysteine Cys 121.2 

 

0 49 

Glutamic acid Glu 147.1 

 

-1 -31 

Glutamine Gln 146.2 

 

0 -10 

Glycine Gly 75.1 
 

0 0 

Histidine His 155.2 

 

1 8 

Isoleucine Ile 131.2 

 

0 99 
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Leucine Leu 131.2 

 

0 97 

Lysine Lys 146.2 

 

1 -23 

Methionine Met 149.2 

 

0 74 

Phenylalanine Phe 165.2 

 

0 100 

Proline Pro 115.1 

 

0 -46 
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Serine Ser 105.1 

 

0 -5 

Threonine Thr 119.1 

 

0 13 

Tryptophan Trp 204.2 

 

0 97 

Tyrosine Tyr 181.2 

 

0 63 
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Valine Val 117.2 

 

0 76 
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Appendix 20:  Mean average AA δ15N values from inner maize cob samples. Numbers in brackets represent one standard deviation 
associated with triplicate analytical replicate measurements for AA δ15N values and replicate precision for duplicate experimental 
replicates of bulk δ15N values. 

Sample 

Identification 

AA δ15N value (‰) 

Gly Ser Glx Ala Asx Pro Hyp Val Leu Ile Thr Lys Phe Bulk 

Artificially aged 

sample 

10.3 

(1.4) 

5.3 

(0.2) 

8.2 

(1.0) 

5.1 

(1.2) 

7.2 

(2.7) 

10.8 

(1.9) 

5.6 

(4.8) 

5.6 

(1.3) 

3.8 

(1.9) 

-1.0 

(1.9) 

0.4 

(2.2) 

0.4 

(1.9) 

14.7 

(1.9) 

5.0 

Modern Reference 10.9 

(1.0) 

4.6 

(1.8) 

8.3 

(1.5) 

5.8 

(1.6) 

8.7 

(0.2) 

12.8 

(2.5) 

-0.6 

(0.1) 

4.8 

(2.0) 

5.1 

(1.7) 

-0.6 

(0.1) 

0.5 

(1.4) 

1.0 

(1.4) 

17.7 

(1.2) 

7.8  
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Appendix 21: Progenesis QI abundance profiles of known drought 
metabolites from artificially aged maize. 

 

Abscisic Acid 

 

Caffeic Acid 

 

Phenylalanine 

 

 

Glutamic Acid 
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Hydroxyferulic Acid 

 

 

Malic Acid 

 

Dideoxy-L-galactose 

 



- 243 - 
 

 

List of Abbreviations 

AA Amino acid – each AA abbreviation given 
in appendix 19 

ATR-IR Attenuated total reflectance infrared 
spectroscopy  

BBCH Biologische Bundesanstalt, 
Bundessortenamt und Chemische 
Industrie 

BP Before present 

CID Collision induced dissociation 

CoV Coefficient of variation 

CRM Charge residue model 

dc Direct current 

DCM Dichloromethane 

DNA Deoxyribonucleic acid 

EA Elemental analysis 

EIC Extracted ion chromatogram 

ESI Electrospray ionisation 

FTICR Fourier transform ion cyclotron resonance 

GC Gas chromatography 

GC-C-IR-
MS 

Gas chromatography-combustion-isotope 
ratio-mass spectrometry 

GRIN Germplasm resources information 
network 

HCl Hydrochloric acid 

HCD Higher-energy C-trap dissociation  
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HILIC Hydrophilic interaction liquid 
chromatography 

HPLC High performance liquid chromatography 

HRMS High resolution mass spectrometry 

IR Isotope ratio 

IEM Ion evaporation model 

IS Internal standard 

LC Liquid chromatography 

MS Mass spectrometry 

MS/MS Tandem mass spectrometry  

m/z Mass-to-charge ratio 

NaOH Sodium hydroxide 

PC Principal component 

PCA Principal component analysis 

PL-SDA Partial least-squares discriminant analysis 

RF Radio frequency 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RP Reverse Phase 

THAA Total hydrolysable amino acid  

tR Retention time 

QC Quality control 
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