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ABSTRACT 

After domestication from lowland teosinte (Zea mays ssp. parviglumis), maize colonized the 

Trans-Mexican volcanic belt highlands (>2500 masl), which are characterized –among other 

factors- by low temperatures and lower bioavailability of nutrients, especially phosphorus.  

Under low phosphorus, plants increase the level of non-phosphated lipids while decreasing 

glycerophospholipids; membrane glycerophospholipids are replaced by galactolipids, 

releasing and transporting phosphate to young tissues, which are energetically more 

vulnerable to this deficit. Conversely, at low temperatures, plants increase 

glycerophospholipids and decrease non-phosphated lipids in order to maintain membrane 

fluidity.  

We hypothesize that low temperature and phosphorus bioavailability were major selective 

forces during the process of maize adaptation to Mexican highlands. Recent population 

genetics data, in fact, point to this idea as genes with high differentiation between highland 

and lowland sites are related with phospholipid metabolism and phosphorus acquisition. 

In order to identify the genetic architecture of phospholipid metabolism and its role on maize 

highland adaptation, we grew under highland conditions, on a field located in Metepec (2500 

masl), a maize Recombinant Inbred Line (RIL) mapping population developed using 

Palomero Toluqueño (PT) (a Mexican highland landrace) and B73 an inbred line adapted to 

temperate conditions; and a landrace diversity panel composed of highland and lowland 

landraces from Mesoamerica and South America. We we sampled leaves from plants at V3 

-  V6 developmental stage and performed biochemical phenotyping (UPLC-QTOF MS/MS) 

on these samples and used the lipid intensities as a phenotype for QTL analysis. We 

identified a QTL peak at 8.6 Mb in chromosome 3 that seems to be explaining the conversion 

of phosphatidylcholine (PC) to lysophosphatidylcholine (LPC). At the marker in the QTL 

peak, PT alleles lead to a higher PC/LPC ratio than the B73 alleles, suggesting that this 

conversion of PC to LPC was selected for in the highland landrace Palomero Toluqueño. 

This biochemical phenotype seems to be characteristic of Mexican highland landraces.  
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RESUMEN 

Después de la domesticación del teosinte de tierras bajas (Zea mays ssp. parviglumis), el 

maíz colonizó el cinturón trans-volcánico mexicano (>2500 masl), esta área se caracteriza 

-entre otros factores- por presentar bajas temperaturas y menor biodisponibilidad de 

nutrientes, especialmente fósforo.  

A bajo fósforo, las plantas incrementan el nivel de lípidos no fosfatados mientras 

decrementan los fosfolípidos; los fosfolípidos de membrana son reemplazados por 

galactolípidos, liberando y transportando fosfato a tejidos jóvenes, los cuales son 

energéticamente más vulnerables ante este déficit. Por el contrario, a bajas temperaturas, 

las plantas incrementan la cantidad de fosfolípidos y decrementan lípidos no fosfatados con 

el fin de mantener la fluidez de la membrana. 

Nosotros hipotetizamos que la baja temperatura y baja biodisponibilidad de fósforo fueron 

las principales fuerzas selectivas durante el proceso de adaptación del maíz a tierras altas 

mexicanas. Datos recientes de genética de poblaciones apuntan de hecho a esta idea, ya 

que existen genes con alta diferenciación entre tierras altas y tierras bajas, los cuales están 

relacionados con el metabolismo de fosfolípidos y la adquisición de fósforo. Una mejor 

comprensión de los cambios metabólicos adaptativos que ocurren en las plantas es muy 

necesario. 

Con el fin de identificar la arquitectura genética del metabolismo fosfolipídico y su rol en la 

adaptación del maíz a tierras, crecimos una población de mapeo de tipo líneas puras 

recombinantes (Recombinant Inbred Lines, RILs) la cual se desarrolló empleando Palomero 

Toluqueño (PT) (una raza mexicana de tierras altas) y B73, siendo éste una línea pura 

adaptada a condiciones templadas.  

Esta población de mapeo se creció a 2600 msnm (Metepec, Estado de México, México); 

muestreamos hojas de plantas en estadios de desarrollo entre V3 - V6. Posteriormente 

llevamos a cabo un fenotipado bioquímico (UPLC-QTOF MS/MS) para esas muestras y 

utilizamos las intensidades de las diferentes especies lipídicas como fenotipo para realizar 

análisis de QTL. Identificamos un pico de QTL a 8.5 Mb en el cromosoma 3, el cual parece 

explicar la conversión de fosfatidilcolina (PC) a lisofosfatidilcolina (LPC). En el marcador 

más cercano al pico del QTL, los alelos de PT conducen a tener una proporción mayor de 

PC/LPC que los alelos de B73, sugiriendo que esa conversión de PC a LPC fue 

seleccionada para la raza de tierras altas, Palomero Toluqueño.  
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BACKGROUND 

Maize domestication, migration, diversification and local adaptation  

A single domestication event of maize followed by colonization and diversification in 

Mexican highlands 

The wild ancestor of maize, teosinte, belongs the Poaceae family (grasses) native from 

Central America, which is found as perennial or annual grasses. Within the family Poaceae, 

the genus Zea contains the species Zea diploperennis, Zea luxurians, Zea perennis, Zea 

nicaraguensis and Zea mays; but in general it can be categorized in two groups: Luxuriantes 

and Zea (Doebley and Iltis 1980; Iltis and Benz 2000). The Zea group is formed by the sole 

species Zea mays, and is composed of four subspecies: ssp. mays, ssp. mexicana, ssp. 

parviglumis and ssp. huehuetenangensis (Strable and Scanlon 2009). In the case of ssp. 

mexicana, there is evidence it diverged from ssp. parviglumis, approximately 60, 000 years 

ago (Ross-Ibarra, Tenaillon, and Gaut 2009).  

The great diversity within maize lead to the idea that maize underwent multiple 

domestication events (Matsuoka et al. 2002). However, the study performed by Matsuoka 

and collaborators (Matsuoka et al. 2002) provided phylogenetic and population structure 

analysis, across 193 maize accessions collected from North America to South America and 

67 annual teosintes (ssp. mexicana and ssp. parviglumis), which, along with archeological 

evidence supports that all maize arose from a single domestication event about 9,000 years 

ago. As in other studies, Matsuoka and collaborators place ssp. parviglumis as the 

progenitor of maize and due to this single domestication event the native region of teosinte 

parviglumis, central region of the Balsas River Drainage in southwest Mexico (Guerrero 

state), can be set as a candidate cradle of maize domestication (Matsuoka et al. 2002; 

Piperno and Flannery 2001).   

After domestication, maize colonized the Mexican highlands, possibly aided by significant 

introgression of adaptive alleles from Zea mays ssp. mexicana (Hufford et al. 2013); 

hybridization in the Mexican highlands (>1,600 meters above sea level) between ssp. 

mexicana and maize is common. It has been estimated that 12% of the Mexican race 

Palomero Toluqueño (PT) comes from ssp. mexicana via introgression.  

 

 

 

https://paperpile.com/c/NF10B7/VdlH+q2GH
https://paperpile.com/c/NF10B7/S7A8
https://paperpile.com/c/NF10B7/WiBH
https://paperpile.com/c/NF10B7/wMLF
https://paperpile.com/c/NF10B7/wMLF
https://paperpile.com/c/NF10B7/wMLF+LEsx
https://paperpile.com/c/NF10B7/wMLF+LEsx
https://paperpile.com/c/NF10B7/hssa
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Highland conditions acting as selective forces on maize leading convergent 

adaptation 

Maize migration from Mexican lowlands to highlands came with the challenge to adapt to 

several contrasting biotic and abiotic characteristics. Highland conditions can be seen as 

important selective forces driving maize local adaptation.  

In contrast to lowlands, highlands are characterized by drier conditions, lower temperatures, 

higher radiation levels, lower air pressure, less human land use (Körner 2007), and lower 

phosphorus availability due to volcanic soils composition. The latter is characteristic of the 

central highlands in the Trans-Volcanic belt in Mexico (Krasilnikov et al. 2013).  

Teosinte mexicana is distributed along highlands of northern and central Mexico, and is 

adapted to drier (~300 mm average less in annual precipitation) and cooler (average anual 

temperatura 7 °C lower) conditions than lowlands. Highland areas are defined by elevations 

higher than 1600 m  (Hufford et al. 2013, 2012; Matsuoka et al. 2002; Piperno and Flannery 

2001).  

Teosinte mexicana and teosinte parviglumis exhibit some contrasting morphological 

differences. The leaf sheaths of parviglumis are green and glabrous while mexicana 

develops dense leaf sheath pubescence (macrohairs) accompanied by dark red-purple 

pigmentation on the stem. Teosinte mexicana also produces larger spikelets and seeds, and 

fewer tassel branches than parviglumis (Doebley and Iltis 1980). Those traits have been 

tentatively suggested as key elements for adapting to lower temperatures and higher 

radiation levels (Lauter et al. 2004).   

After the maize domestication, lowland maize from southern Mexico and Guatemala also 

moved to lowlands in South America (~6000 years before present) where it adapted again 

to highland conditions (~4000 years BP), at the same time that maize colonized and 

diversified in highlands (Matsuoka et al. 2002; Takuno et al. 2015; Hufford et al. 2013). 

Adaptation to the Mexican highlands was possibly aided by teosinte mexicana introgression, 

while in South American highlands (Andes) no inter-fertile wild Zea species are found 

(Matsuoka et al. 2002; Hufford et al. 2013).   

Mesoamerican and South American highlands landraces (open pollinated varieties) face 

very similar environmental gradients (Takuno et al. 2015). Besides their different origin they 

share some phenotypic similarities also present in mexicana (Doebley 1984). For example, 

the red-purple pigmentation (Wilkes 1977; Wellhausen 1957) caused by anthocyanin 

presence that is thought to be an adaptation to high radiation levels (Liakopoulos et al. 2006; 

https://paperpile.com/c/NF10B7/4925
https://paperpile.com/c/NF10B7/J8TC
https://paperpile.com/c/NF10B7/hssa+4FbV+wMLF+LEsx
https://paperpile.com/c/NF10B7/hssa+4FbV+wMLF+LEsx
https://paperpile.com/c/NF10B7/VdlH
https://paperpile.com/c/NF10B7/yoqY
https://paperpile.com/c/NF10B7/wMLF+qXam+hssa
https://paperpile.com/c/NF10B7/wMLF+hssa
https://paperpile.com/c/NF10B7/qXam
https://paperpile.com/c/NF10B7/y8Il
https://paperpile.com/c/NF10B7/iJ7w+TOY1
https://paperpile.com/c/NF10B7/zmct+Ol81
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Steyn et al. 2002). This trait is absent in lowland varieties and could be pointing at adaptive 

introgression (Hufford et al., 2013) and convergent adaptation between highlands (Hanson 

et al. 1996; Takuno et al. 2015). 

On the other hand, other traits differ between Mesoamerican and South American highlands 

such as macrohairs; Mexican highland maize exhibits a very dense pubescence while South 

American maize is glabrous.  

 

Figure 1. From left to right: Lowland teosinte and lowland maize followed by highland 

teosinte and highland maize (Courtesy of Ruairidh Sawers).  

Convergent adaptation occurs when species or populations exposed to similar environments 

develop similar phenotypes (Arendt and Reznick 2008; Elmer and Meyer 2011; Wood, 

Burke, and Rieseberg 2005).  

Several evolutionary genetic studies have established the basis for three main routes in 

which convergent evolution can arise. The first one establishes that when identical mutations 

appear independently, and are fixed through natural selection in different genetic 

backgrounds (species or populations), convergent phenotypes can emerge under similar 

conditions (Currat et al. 2002; Kwiatkowski 2005). Second, convergence occurs when 

different mutations arise within a single locus associated with a specific trait (Kovach et al. 

2009). And finally, similar traits may arise by repeated natural selection acting on standing 

genetic variation derived from an ancestral population (Colosimo et al. 2005). 

https://paperpile.com/c/NF10B7/zmct+Ol81
https://paperpile.com/c/NF10B7/MBLL+qXam
https://paperpile.com/c/NF10B7/MBLL+qXam
https://paperpile.com/c/NF10B7/cpLW+u9vh+kwjO
https://paperpile.com/c/NF10B7/cpLW+u9vh+kwjO
https://paperpile.com/c/NF10B7/C0PX+tZbd
https://paperpile.com/c/NF10B7/zsQo
https://paperpile.com/c/NF10B7/zsQo
https://paperpile.com/c/NF10B7/1hUD
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Both Mexican highland maize and teosinte mexicana, present dense macrohairs, red-purple 

stem pigmentation (Wilkes 1977), tassel branching, ear husk number (Brewbaker 2014) and 

high anthocyanin pigmentation as biochemical defenses against ultraviolet radiation (Casati 

and Walbot 2005). These mechanisms can be considered as a convergent phenotype for 

highland conditions. 

Mesoamerican and South American highland landraces also share the red-purple stem 

pigmentation. Furthermore, genetic studies have affirmed that maize varieties from both 

highland subcontinental areas (Mesoamerica and South America) have arisen 

independently from their respectives lowland populations (Matsuoka et al. 2002; van 

Heerwaarden et al. 2011; Vigouroux et al. 2008), suggesting adaptive convergence. 

With these examples in which the environmental conditions seem to be playing a key role 

for the expression of certain phenotypes, it is also important to take into account that the 

external conditions are not the only player. Phenotypic differences can also be due to a 

distinct genetic background (Fukunaga et al. 2005; Ross-Ibarra, Tenaillon, and Gaut 2009). 

 

Strategies used by plants for adapting to cold temperatures and low phosphorus 

availability: lipid remodeling 

When talking of local adaptation, in addition to the morphological and biochemical changes 

that maize might present we should also consider that there are specific molecular 

processes and metabolic profiles that could being involved in some of these adaptative 

mechanisms.  

Plant response to low temperature 

As mentioned before, during highland colonization and diversification maize had to adapt to 

cold and low phosphorus conditions through different strategies. Those conditions can be 

hypothesized as main selective forces.  

Plant membrane integrity is a very important factor for proper growth and development (Lin, 

Liu, and Nakamura 2015); the severe membrane damage caused by cold temperatures is 

the main cause of freezing injury (Degenkolbe et al. 2012) through freeze-induced osmotic 

contraction and dehydration. Compositional changes within the membrane lipid species after 

cold exposure can be considered as a freeze-induced mechanism to modulate the 

cryobehavior of membranes (D. V. Lynch and Steponkus 1987). 

Within the structural-membrane changes induced by low temperatures, we find the increase 

https://paperpile.com/c/NF10B7/iJ7w
https://paperpile.com/c/NF10B7/hQrO
https://paperpile.com/c/NF10B7/HwaK
https://paperpile.com/c/NF10B7/HwaK
https://paperpile.com/c/NF10B7/wMLF+2hz1+tLkS
https://paperpile.com/c/NF10B7/wMLF+2hz1+tLkS
https://paperpile.com/c/NF10B7/dHHQ+WiBH
https://paperpile.com/c/NF10B7/sUxP
https://paperpile.com/c/NF10B7/sUxP
https://paperpile.com/c/NF10B7/rJlR
https://paperpile.com/c/NF10B7/y5MF
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of unsaturated fatty acids and phospholipids content (Nishida and Murata 1996). Through 

different studies in Arabidopsis, it has been shown that there is a lipid remodeling after cold 

acclimation of different accessions. During cold conditions, glycerophospholipids like 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) increase (D. V. Lynch and 

Steponkus 1987), while nos-phosphorous lipids such as monogalactosyl diacylglycerol 

(MGDG) and digalactosyldiacylglycerol (DGDG) tend to decrease (Degenkolbe et al. 2012).  

 

Plant strategies to increase phosphorus availability 

Low bioavailability of phosphorus in soils is a major factor limiting growth and yield of crop 

plants. Although it is widely distributed in soils, it is commonly present as inorganic 

orthophosphate (PO4
-3), a very reactive form which tends to join cationic elements such as 

aluminium, iron, magnesium and calcium, forming insoluble phosphate species unavailable 

for plant uptake (Hinsinger 2001; Yadav and Verma 2012). A class of soil present in the 

Trans-Mexican Volcanic Belt and in several areas of South American highlands are 

andosols, which have low phosphorus bioavailability and are found in all altitudes and 

climates but are mainly present in volcanic areas (Krasilnikov et al. 2013).  

Plants phosphorus sensing under phosphate starvation conditions can lead to two different 

responses to increase Pi availability: local response or a systemic response. 

A local response consists of a precise regulation of root system architecture during a plant’s 

lifetime, dynamically shaping the roots according to changes in the local environmental 

conditions. Under Pi deficiency increasing root surface exploration area is a common local 

response (Rellán-Álvarez et al. 2015; J. P. Lynch and Brown 2012).  

The systemic response controls phosphate homeostasis, meaning whole-organism 

responses for distribution and redistribution of phosphorus where it is needed within the 

plant (Veneklaas et al. 2012; L. Li et al. 2007). Phosphate homeostasis can be further 

classified in three main strategies: release and uptake of soil phosphorus upregulation of 

phosphate transporters and Pi recycling, (Veneklaas et al. 2012; Sulpice et al. 2014; Peret 

et al. 2014). 

Phosphorus is found in plants as free inorganic orthophosphate (Pi) or forming phosphate 

esters. Plants can recycle phosphate from the main P-pools: nucleic acids (RNA), 

glycerophospholipids, P-esters and Pi. RNA is the largest organic P pool, accounting for 

about 40% - 60% of phosphorus in leaves with rRNA as the major compound within this 

reservoir. On the other hand, glycerophospholipids represent around 24% of phosphorus in 

https://paperpile.com/c/NF10B7/F5qA
https://paperpile.com/c/NF10B7/y5MF
https://paperpile.com/c/NF10B7/y5MF
https://paperpile.com/c/NF10B7/rJlR
https://paperpile.com/c/NF10B7/gNBE+6Shj
https://paperpile.com/c/NF10B7/J8TC
https://paperpile.com/c/NF10B7/xQA2+SxZl
https://paperpile.com/c/NF10B7/TMft+MK1e
https://paperpile.com/c/NF10B7/TMft+R1pS+rVL9
https://paperpile.com/c/NF10B7/TMft+R1pS+rVL9
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leaves (Veneklaas et al. 2012). In membranes, glycerophospholipids can be replaced by 

non-phosphorus lipids like sulfolipids and galactolipids (Veneklaas et al. 2012; Michaud et 

al. 2016). For the formation of the two mitochondrial membranes, a high phospholipid 

exchange between endoplasmic reticulum (ER) and mitochondrion is required in plants. 

Under Pi-starvation there is an active lipid transfer from plastids to the mitochondrion. In 

Arabidopsis thaliana the transmembrane lipoprotein (MTL) complex has a protein domain 

named AtMic60. This subunit is located in both mitochondrial membranes and is responsible 

for the export of PE from mitochondria and galactolipids (such as DGDG) import from 

plastids under phosphate deficiency (Michaud et al. 2016).    

Upregulating purple acid phosphatases (PAPs) and RNases are common mechanisms to 

hydrolyze glycerophospholipids and RNA (Tran, Hurley, and Plaxton 2010/7; Plaxton and 

Tran 2011). Phosphate is released and transported to different tissues but Pi recycling 

mainly takes place in chloroplast membranes (Michaud et al. 2016). The direction of this 

transport is established out from senescing tissues to younger ones, which have higher 

energetic requirements to synthesize all components de novo (H. Lambers et al. 2015; 

Veneklaas et al. 2012). Within the angiosperm family Proteaceae, we find the species Hakea 

prostata, native to southwestern Australia. This species inhabits one of the most 

phosphorus-impoverished soils (Hopper 2009; Hans Lambers 2014), where it thrives 

through diverse strategies like P remobilization from mature organs to younger ones and 

constant lipid remodeling during leaf development. Proteaceae replaces 

glycerophospholipids in a very selective way, maintaining high glycerophospholipids amount 

in young leaves and replace them with galactolipids in mature leaves (Lambers et al. 2015). 

During leaf development PC and PE are present in higher level than phosphatidylglycerol 

(PG), probably because glycerophospholipids are basic for membrane integrity during cell 

division and also forming intermediates involved in developmental processes (H. Lambers 

et al. 2015; Gagne and Clark 2010) whilst PG is a key structural and functional element of 

photosystems (Hagio et al. 2000; Domonkos et al. 2004).   

Metabolomic profiling analyses have shown that Arabidopsis thaliana experiences lipidome 

remodeling when exposed to low phosphorus supply. A decrease in glycerophospholipid 

levels is the principal adaptative mechanism detected under Pi-starving conditions. This 

process is coupled with the increase of glycerolipids (non-phosphorus lipids) (Okazaki et al. 

2013). 

Extreme temperatures are also a keys factor defining plant distribution and local yield. High 

temperatures produce unsustainable dehydration, while cold inhibits plant metabolism and 

therefore growth. Fatty acids unsaturation is an important method to maintain membrane 

https://paperpile.com/c/NF10B7/TMft
https://paperpile.com/c/NF10B7/TMft+0uEY
https://paperpile.com/c/NF10B7/TMft+0uEY
https://paperpile.com/c/NF10B7/0uEY
https://paperpile.com/c/NF10B7/hlZW+soAU
https://paperpile.com/c/NF10B7/hlZW+soAU
https://paperpile.com/c/NF10B7/0uEY
https://paperpile.com/c/NF10B7/Xc4e+TMft
https://paperpile.com/c/NF10B7/Xc4e+TMft
https://paperpile.com/c/NF10B7/KmK8+CCzn
https://paperpile.com/c/NF10B7/Xc4e
https://paperpile.com/c/NF10B7/Xc4e+jCPQ
https://paperpile.com/c/NF10B7/Xc4e+jCPQ
https://paperpile.com/c/NF10B7/vcG8+N5zf
https://paperpile.com/c/NF10B7/reGV
https://paperpile.com/c/NF10B7/reGV
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fluidity, in order to prevent liquid crystalline transitions, which can damage plant structure 

(Degenkolbe et al. 2012; Nishida and Murata 1996) 

When Arabidopsis is exposed to low temperatures lipid profile changes by accumulating 

storage lipids and decreasing saturation. When Arabidopsis thaliana accessions are 

exposed to cold temperaturas, levels of PC and PE tend to increase while non-phosphorus 

lipids like monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) 

decrease (Degenkolbe et al. 2012).  

Another abiotic factor affecting plant development is day length. Sunlight, whose availability 

is correlated with day lenght, is required for photosynthesis. Furthermore, light also heats 

up the soil, increasing processes like evaporation. Hence, this is one of the most important 

environmental factors exerting selection pressure on organisms. Several studies of different 

plant species, have showed different strategies of photoperiod and temperature sensing to 

adjust flowering time to seasonal changes (Bohlenius et al. 2006; Nakamura et al. 2014; 

Song et al. 2015; Song, Ito, and Imaizumi 2013) in Arabidopsis the genes CONSTANS (CO) 

and FLOWERING LOCUS T (FT) are key elements regulating flowering. During long days 

CO mRNA has a its maximum accumulation at the end of the day, while in short days the 

accumulation occurs at night. Nevertheless, CO protein is labile to darkness, so the only net 

accumulation happens during long days. CO induces transcription of the FT gene in the 

companion cells of phloem; here FT mRNA moves to shoot apex where the FT protein 

induces flowers formation (Bohlenius et al. 2006; Nakamura et al. 2014).  

Glycerophospholipids are also important signaling molecules (Lin, Liu, and Nakamura 2015; 

Nakamura et al. 2014). In plants, specifically Arabidopsis thaliana, in vitro membrane-lipid 

overlay assays using His-tagged FT showed how this protein binds exclusively to PC. FT 

binds different preferentially low unsaturated phosphatidylcholine (PC) species during the 

day stimulating early flowering. Using a transgenic approach targeting enzyme 

CTP:phosphorylethanolamine cytidylyltransferase (PECT1) which is key for PE 

biosynthesis, leaded to the partial suppression of PECT1 and an increase of the PC/PE 

ratios and significant reduction of flowering time. (Nakamura et al. 2014).  

  

Natural variation in maize 

An immense natural phenotypic variation is present in maize, which is key for dissecting 

complex genetic traits. Quantitative traits, show a continuous range of phenotypic variation 

and are often under the control of several genes and/or chromosomal regions known as 

https://paperpile.com/c/NF10B7/rJlR+F5qA
https://paperpile.com/c/NF10B7/rJlR
https://paperpile.com/c/NF10B7/af51+y5iH+2FUX+7siG
https://paperpile.com/c/NF10B7/af51+y5iH+2FUX+7siG
https://paperpile.com/c/NF10B7/af51+y5iH
https://paperpile.com/c/NF10B7/sUxP+y5iH
https://paperpile.com/c/NF10B7/sUxP+y5iH
https://paperpile.com/c/NF10B7/y5iH
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Quantitative Trait Loci (QTL) (Meihls, Kaur, and Jander 2012; Flint-Garcia et al. 2005; 

Griffiths et al. 2015) which contribute in different amounts to the phenotype, also by 

interacting with other genetic and environmental factors (Peleman et al. 2005).  

Linkage and association mapping are frequently used to map QTL in plants. Linkage 

mapping is the most traditional way to identify QTL and requires developing a mapping 

population. The population is usually the result of a biparental cross between contrasting 

genotypes and/or phenotypes; some common biparental populations are Recombinant 

Inbred Lines (RILs), that is an homozygous population, Near Isogenic Lines (NILs), that are 

backcross inbred lines (Keurentjes et al. 2007) and backcrosses generated by crossing an 

F1 with one of the parentals. 

Individuals within an inbred line population are genetically equal due to their common origin, 

same parent(s) (Griffiths et al. 2015), and individuals are homozygous for all the alleles. This 

allows us to analyze the effect of each haplotype on different traits. Inbred lines are created 

when specific strains/ecotypes of a given biological system are self-fertilized or sib-mated 

for multiple generations so they become homozygous for the most alleles along the genome. 

A common population for QTL mapping is Recombinant Inbred Lines (RILs), which are 

generated by an initial cross between two parents. The consequent F1 population is auto-

pollinated for multiple times for fixing all alleles in each descendent. In selfing species, to 

increase the number of meiotic events, individuals from F1 can be sib-mated to generate a 

F2 and then self-pollinated as many times as necessary to reach a high percentage of 

homozygosity; ending with around a equal proportion of each parent (Pollard 2012; Broman 

2005; Eichten et al. 2011).  

In RILs populations all individuals must be genotyped with genetic markers (SNPs, SSRs, 

RFLps, etc) covering all the genome, often with Genotyping By Sequencing (GBS). 

Individuals are phenotyped to analyze the phenotypic data via linkage mapping so certain 

markers can be linked to the trait (Flint-Garcia et al. 2005; Griffiths et al. 2015).  

A limitation of the linkage mapping is its resolution (precision of QTL position), which is 

completely dependent on the size of the population and on the few recombination events 

within these biparental populations, giving a resolution between 10-30 cM (Alpert and 

Tanksley 1996; Flint-Garcia et al. 2005). On the other hand, association mapping or linkage 

disequilibrium (LD) mapping allows a higher resolution which makes possible to identify a 

single polymorphism within a candidate gene for a giving phenotype (Flint-Garcia, 

Thornsberry, and Buckler 2003; Riedelsheimer et al. 2013; Flint-Garcia et al. 2005; Sorkheh 

et al. 2008).  

https://paperpile.com/c/NF10B7/nVyM+wj9N+k7ZY
https://paperpile.com/c/NF10B7/nVyM+wj9N+k7ZY
https://paperpile.com/c/NF10B7/WIOS
https://paperpile.com/c/NF10B7/kZqD
https://paperpile.com/c/NF10B7/k7ZY
https://paperpile.com/c/NF10B7/dQEG+5JEd+jNGo
https://paperpile.com/c/NF10B7/dQEG+5JEd+jNGo
https://paperpile.com/c/NF10B7/wj9N+k7ZY
https://paperpile.com/c/NF10B7/ddc7+wj9N
https://paperpile.com/c/NF10B7/ddc7+wj9N
https://paperpile.com/c/NF10B7/JrHf+dRvT+wj9N+pYjH
https://paperpile.com/c/NF10B7/JrHf+dRvT+wj9N+pYjH
https://paperpile.com/c/NF10B7/JrHf+dRvT+wj9N+pYjH
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Linkage disequilibrium is defined as “the nonrandom association of alleles at different loci. 

This allelic association can be explained based on the shared history of mutation and 

recombination within certain alleles, drift, nonrandom mating, etc. A high LD occurs between 

neighboring bases, because due to their proximity the recombination level between is very 

low, so they are gained or lost as a unit. Therefore, markers utilized in these studies are the 

ones associated to the trait of interest through LD, making it tractable to study the genetic 

basis of the trait (Flint-Garcia, Thornsberry, and Buckler 2003; Flint-Garcia et al. 2005; 

Griffiths et al. 2015).  

Association mapping makes possible the evaluation of genetic diversity within natural 

populations, without the need to develop a mapping population before (Flint-Garcia, 

Thornsberry, and Buckler 2003). Beyond this, analyzing genetic diversity within a sample of 

nonrelatives makes the mapping resolution higher thanks to the increase of recombination 

events (Ewens and Spielman 2001; Kruglyak 1999; Lander and Schork 1994). Currently, 

the most commonly used approach to do this is Genome Wide Association Studies (GWAS). 

However, association mapping also present weak points like the population size is tipically 

small and the corresponding LD, nevertheless, the most significant one is presence of 

population structure (Knowler et al. 1988; Flint-Garcia et al. 2005).  

Low LD requires more markers to cover the genome (Tenaillon et al. 2001; Flint-Garcia et 

al. 2005) but it will also allow a higher mapping resolution and these numbers will also differ 

from outcrossing and auto-pollinated species. In outcrossing species LD decays rapidly; in 

maize landrace LD decays within 1 kb and 2 kb for diverse inbred lines. For selfing species 

like rice, LD decays within 100 kb (Xu et al. 2017/4).  

Despite the different research aims or the mapping populations needed for each of the above 

mentioned methods, both, linkage mapping and association mapping approaches allow 

investigation of the genetic architecture of traits (number of genes and contribution of each) 

and environmental factors that have influenced the traits.  

 

HYPOTHESIS 

As low temperature and low phosphorous bioavailability lead to lipid remodeling, increasing 

glycerophospholipids and decreasing glycerolipids or the opposite way respectively. I 

hypothesize that the reorganization of phospholipid metabolism has had a major role in the 

adaptation of maize to the highlands of Mexico. 

 

https://paperpile.com/c/NF10B7/JrHf+wj9N+k7ZY
https://paperpile.com/c/NF10B7/JrHf+wj9N+k7ZY
https://paperpile.com/c/NF10B7/JrHf
https://paperpile.com/c/NF10B7/JrHf
https://paperpile.com/c/NF10B7/XBEx+Rc6Z+rqA1
https://paperpile.com/c/NF10B7/thqC+wj9N
https://paperpile.com/c/NF10B7/DV7m+wj9N
https://paperpile.com/c/NF10B7/DV7m+wj9N
https://paperpile.com/c/NF10B7/jCKe
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GENERAL OBJECTIVE 

Characterize the remodeling of highland lipid profiles involved in phospholipid metabolism 

in order to shed light on the possible role of glycerophospholipids in maize adaptation to 

highlands. 

SPECIFIC OBJECTIVES 

▪ Characterize the lipid profile of 100 B73 X Palomero Toluqueño Recombinant Inbred 

Lines grown in a common garden under highland conditions. 

▪ Perform a QTL analysis with RILs population.  

▪ Characterize a 120 landrace panel composed of highland and lowland 

Mesoamerican and South American lines grown in a common garden maize under 

highland conditions.  

 

MATERIALS AND METHODS 

Plant Materials 

We sampled 120 landraces (2 plants each) which were evaluated in highland conditions 

(Metepec field). From those 120 landraces, 60 were from Mesoamerica and 60 from South 

America and within each subcontinental group the accessions were paired selected, 30 were 

collected from highlands and the rest from lowland areas.  
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Figure 3. Diversity panel (DP) accessions map. This selection was performed by Daniel 

Runcie at UC Davis.  

Diversity Panel (DP) formed by 60 Mesoamerican landraces and 60 South American 

landraces. Within each subcontinent, 30 landraces come from highlands, >1600 meters 

above sea level (masl) and 30 come from lowlands (<1000 masl). The landraces are 

selected as pairs, so for each highland landrace a lowland landrace located at the same 

latitude (±0.5 º) was picked. 

We also used 100 Recombinant Inbred Lines (RILs) derived from a cross between B73 

(inbred line lowland conditions-like adapted) and PT (Mexican Highland race) (Figure 4).   
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Figure 4. Developing of the B73xPT RIL population (BC1S5). 

After the 5 self-pollinations of the 100 individuals, we obtained 100 Recombinant Inbred 

Lines with an estimated 25% of PT on B73 background. This mapping population has been 

developed by the laboratory of Ruairidh Sawers at Langebio.  

 

Growth Conditions  

The following environmental conditions are based on the National Meteorological Service 

(smn.cna.gob.mx/) database and on historical records from the National Institute of Forestry, 

Agriculture and Livestock Research (www.inifap.gob.mx/).  
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Metepec field is localized (19°13'28.7"N 99°32'51.6"W) within the Trans-Mexican Volcanic 

Belt. The experimental field is 2610 masl, the range of average monthly temperatures along 

the year go from 5 °C to 21.5 °C with an average annual of 13.6 °C. Its average annual 

precipitation is around 809 mm. Growing degree days (GDD) is a very useful indicator for 

correlating temperature with growth and development of any crop. 

𝑮𝑫𝑫 =  (𝑻𝒎𝒂𝒙 +  𝑻𝒎𝒊𝒏)/𝟐 −  𝑻𝒃𝒂𝒔𝒆   

The base temperature (Tbase) for maize is set at 10 °C because it does not grow below that. 

Taking into account the reported data by INIFAP, the Metepec field has a GDD value of 15, 

while a lowland site, would have a GDD of around 5, meaning that a site with higher GDD 

(highlands) will have faster growth. 

Both mapping populations, RILs and Diversity Panel, were planted here on 5 April, 2016 

and were sampled for lipid analysis by 9 June 2016, when the plants were around V4  -V6 

developmental stage.   

Making an estimation with the actual data from INIFAP from sowing date to harvest, the 

average GDD for Metepec was 5.52 and the total GDD (over the length of the growing 

season) was 364.25. On the other hand, during this period the average daily precipitation 

(mm) was 1.6 while the total precipitation was 96.5 mm.  

 

Figure 6. Maximum and minimum temperature from sowing to sampling date. 
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Figure 7. Precipitation level (mm) from sowing to sampling date. 

Lipid Extraction 

Leaf tissue was collected when the plant was, in average, in the V3 - V6 stage. We tested 

using 50 mg wet weight leaf tissue for lipidome profiling, as this amount was deemed 

appropriate for Arabidopsis (Degenkolbe et al. 2012). Frozen material was homogenized in 

a tissue grinder Retsch (Haan, Germany) during 40 seconds at 30 1/s. After grinding all 

tubes were stored in liquid nitrogen.  

Lipid extraction used was reported by Matyash and collaborators (Matyash et al. 2008). First 

225 μL of cold methanol (MeOH), previously prepared with a Quality Control (QC) mix, was 

added to each sample, always keeping MeOH on ice during the extraction. Each sample 

was vortexed for 10 seconds, keeping the rest of materials on ice. Then 750 μL of cold 

methyl tert-butyl ether (MTBE) were added, keeping MTBE on ice along all the process. 

Again each sample had to be vortexed for 10 seconds, followed by shaking each for 6 

minutes at 4°C in the orbital mixer. After that, 188 μL of LC/MS grade water at room 

temperature (RT) were added, vortexing all the samples for 20 seconds.  

In order to separate the phases, all samples were centrifuged for 2 min at 14, 000 rcf (12, 

https://paperpile.com/c/NF10B7/rJlR
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300 rpm). The upper phase is the organic one and it was possible to remove around 700 μL 

of supernatant, so it was split into two aliquots of 350 μL, one serving as back up and for the 

preparation of pools. Finally, samples were dried using a speed vacuum concentration 

system and stored at room temperatura (RT) but protected against light. Otherwise, the 

lower phase (inorganic one) was also dried and stored for future HILIC analysis.   

 

Lipid Profiling 

Samples resuspension for analysis 

Dry samples were resuspended in 110 μL of MeOH-Toluene 90:10 (with CUDA 50 ng/mL). 

The rack of samples was vortexed at low speed for 20 seconds and then all tubes were 

sonicated at RT for 5 min. Aliquots of 50 µL per sample were transferred into an insert within 

an amber glass vial. 

 

Pre-run sequence 

A standard calibration was used before each run of around 300 sample batch. For ESI (+) 

positive mode the profile of the calibration standard and the intensity of ions of 

hexamethoxyphosphazene m/z 322.0481, Hexakis (2,2-difluoroethoxy) phosphazene m/z 

622.0290 and Hexakis (2,2,3,3-tetrafluoropropoxy) phosphazene m/z 922.0098 were 

checked, which must be higher than 400k, 500k and 500k respectively. When the intensity 

of any of the ions was not high enough, the ion sources was cleaned and the instrument 

tuning repeated. 

Reference ions m/z 121.0509 and m/z 922.0098 also had to be checked, and must have 

intensities around 5-20k. The intensity of reference ions could be adjusted by modulating 

flow rates. 

Before start running samples a new column was set, it is recommended to change the 

column (Acquity UPLC C18 1.7μm 2.1x100 mm Column) (Waters; Milford, MA, USA) every 

1000 samples. After the column change, the new one must be purged for 5 min to take air 

out. The UPLC column is coupled to a VanGuard pre-column (Acquity UPLC C18 1.7μm 

2.1x5 mm Pre-column Waters®), which is replaced after ~330 sample injections. Six “no 

sample injections” were injected at the beginning of each run to condition the column, 

followed by ten samples, one pool (made out of the mix of the second aliquot of all the 

samples contained per UPLC plate) and one blank.  
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Optimization of lipid extraction and UPLC-QTOF MS/MS lipid analysis 

To determine the best mode for lipid identification, 50 mg of tissue from 8 samples of PT, 8 

of B73 and 10 RILs samples grown in Metepec during 2015, were extracted and run under 

postivive and negative ESI modes on Agilent® Ultra-Performance Liquid Chromatography 

and Quadrupole Time of Flight Mass Spectrometry (UPLC-QTOF MS/MS).  

The positive mode showed the presence of 24 different lipids, within the species were CEs, 

DGs, LPCs, PCs, PE and TGs. On the other side, under negative mode only 16 lipid species 

were identified, the species were Fas and PCs. 

According to the diversity and amount of lipid species identified under each mode, the best 

method for this project was posItive mode (Table 1). The UPLC-QTOF MS/MS utilized was 

Agilent 6530 ESI (+) injects into UPLC-QTOF MS/MS 1.67 μL per sample, the running time 

per sample is 15 min.  

 

Table 1. UPLC-QTOF MS/MS lipid analysis under positive and negative mode, respectively. 

Positive mode Negative mode 

 Fatty acids                      14 

Cholesterol esters                          2  

Diacylglycerols                               3  

Lysophosphatidylcholines              2  

Phosphatidylcholines                   10 Phosphatidylcholines        2 

Phosphatidylethanolamine            1  

Triacylglycerols                              6  

Unknowns                                1214 Unknowns                      939 

TOTAL                                     1238 TOTAL                           955 
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Metabolic data analysis 

Retention time correction 

In Agilent MassHunter Qualitative Analysis®, B.06.00 version, raw metabolic data was used 

to extract EIC (extracted-ion chromatogram) for each internal standard within the blanks. 

The m/z of internal standards (ISTDs) used to obtain the EIC were taken from a ESI (+) 

library acquired on Agilent 6530 UPLC-QTOFMS (Table 2).   

Table 2. M/z and Retention time for the internal standards within the QC mix used during 

lipid extraction. Values acquired on ESI (+)  

ISTD m/z Method RT (min) 

Cuda 341.2799 0.774 

Sphing 286.274 1.040 

LPE 466.2928 1.346 

LPC 510.3554 1.827 

MG 345.2999 3.038 

DG 18 416.3365 3.162 

PC 636.4599 3.502 

DG 12 474.4152 4.248 

Chol 376.3953 4.787 

SM 717.5905 5.053 

Cer 552.535 5.948 

PE 720.5538 6.263 

TG 869.8323 11.000 

CE 724.6966 11.727 

 

Once obtained the EIC for each ISTD, the “current” values for each retention time were used 
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to calculate a delta of retention time (Current batch retention time – Method Retention time 

= delta retention time). This delta value (X axis) and the method retention time value (Y axis) 

were graphed in Excel® to get a polynomial formula out of the trend line. 

MS1 lipids database created in Excel®, by the laboratory of Dr. Oliver Fiehn, includes MS1 

m/z values and retention times for 409 lipid species and 92 common unidentified unknowns. 

The equation obtained in the previous step is utilized for calculating a new delta retention 

time value (Y) through substitution of the X variable with the retention time values included 

within the MS1 lipids database. This delta retention time value and the retention time 

registered for each lipidic species in the library, are used to estimate a “current” retention 

time value for the run (new delta retention time + library retention time = Current retention 

time). 

In this way a new MS1 lipids library is created using the current retention times values after 

the retention time correction process. This new library is upload in MS-DIAL for identification 

of lipid species along the run.          

 

Peak identification with MS-DIAL 

Raw files from samples are in .d Agilent proprietary format. In order to use MS-DIAL we 

used Reifycs Abf Converter® to get all the files in Analysis Base File (.abf) format.   

MS-DIAL was used under ESI (LC/MS, LC/MS/MS) mode and under positive mode. The 

method type was Data dependent MS/MS. Data type (MS1) was set as centroid data and 

for target omics option Lipidomics was selected.  

Data collection was acquired with a retention time range from 0.5 – 12.5 min and with a 

mass range from 50 – 1200 Da. For peak detection, mínimum peak width was set at 5 and 

minimum peak height at 5000 in amplitude.  

Identification was performed through MS-DIAL based on the library generated after the 

retention time correction, which must be uploaded as .txt format. The retention time 

tolerance was 0.1 min, accurate mass tolerance was established as 0.01 Da and the 

identification score cutoff was set as 85%. 

For the Adduct ion setting the molecular species selected were [M+H]+, [M+NH4]+, 

[M+Na]+, [2M+H]+, [2M+NHA]+ and [2M+Na]+. Under Alignment settings, a random sample 

was selected as reference file. Peak count filter value was defined as 30%, meaning that 
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aligned peaks which are less than this parameter will be removed from the final result.   

Finally, result export format was selected as .txt and spectra type as centroid, the latter being 

much lighter than profile data.   

 

Figure 8.  Total Ion Chromatogram (TIC) obtained from MS-DIAL. 

As shown here, in maize leaf lipid profiles, the separation of lipids occurs in an interval of 0 

to 13 min. From 0 to 4 min we find lysophosphatidylcholines (LPCs) and diacylglycerols 

(DGs), then from 4 to 8 min PCs, DGs and sphingomyelins (SMs) appear and finally from 8 

min to 13 min all the species of triacylglycerides (TGs) separate. This TIC corresponds to 

the LANMLR17B036 RIL sample.  

 

Data processing and normalization 

The results from MS-DIAL as .txt format are saved as “Raw” sheet. Contents from “Raw” 

sheet were pasted in another sheet named Sorted, in which we sorted internal standards 

(ISTDs) to the top. In this case the only ISTD used along all samples, pools and blanks was 

CUDA. Three columns were added for calculation of Blank average (Blank avg = average 

(Blanks)), Maximum of samples (max) and Fold change (FC =max/ Blank avg). All non-

ISTDs features were sorted by FC largest to smallest.  
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All these data were copied into a new sheet named as Reduced. Here, all the non-ISTDs 

features with a FC < 10 were deleted. All data were then sorted by smallest to largest m/z 

in order to identify features with the same m/z along different retention times. This was 

corroborated by looking at the extracted ion chromatogram (EIC) for repeated m/z in MS-

DIAL, noise peaks look like straight lines on the graph time vs m/z and the EIC looks as a 

undefined peak (Supplementary Figure 1). Noise peaks detected were deleted from Reduce 

sheet.  

Reduced data were copied and pasted in a new sheet named as QC (Quality Control), where 

columns from Blank average to %QC were deleted and QC average (QC avg), QC standard 

deviation (QC Stdev) and %CV (Coefficient of Variation = Stdev/average x 100) were added.  

QC data were sorted by %CV largest to smallest. Features with %CV > 30% and peak height 

> 5000 were deleted. QC data were copied and pasted into a new sheet “To be processed”, 

where blanks and columns MS/MS included through Fragment presence % were deleted; 

also QC avg to %CV were deleted. These data were copied into a new workbook and saved 

as .txt format for processing with MS-FLO (http://msflo.fiehnlab.ucdavis.edu/#/).  

MS-FLO performs duplicate peak removal, isotope detection and adduct joining. The output 

has a .txt format, so the data were copied into a new sheet named as Processed. The latter 

were copied and pasted in a new sheet “Duplicates”. Sorted by duplicate flag column, if m/z 

was different to <0.01 and RT different to <0.05 min, the features were checked in MS-DIAL, 

when two features are duplicates they appear under the same peak in the EIC. For duplicate 

features from one peak, the maximum of peak height was calculated and the original values 

were deleted. Having this, a new “Isotopes” sheet was created with the filtered data, 

duplicate flags were erased. This was sorted by isotope flag and case by case checked if 

[M+H+1] had a R2≥0.7 and peak height ratio (PHR) <1, when those requirements are fulfilled 

peak heights were plotted (scatter plot), for pairs with linear correlation, the row with the 

bigger average m/z was deleted. Isotopes data were copied to a new sheet, “adducts”, 

where isotope flags were eliminated. Features were sorted by metabolite name and content 

for unknowns was cleared. Features were then sorted by adduct flag and checked if m/z 

differs for each match. Adduct rows were combined for the same compound (m/z1_m/z2, 

RT1_RT2), summing peak heights. Files with the data processing of the four batches we 

had can be found as Supplementary Files 1 to 4.  
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Data Normalization 

First, for normalizing the data mTIC method was used. mTIC stands for the sum of all 

identified metabolites and its formula is: 

𝑴𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒕𝒆𝒊𝒋,𝒏𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅 =  
𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒕𝒆𝒊𝒋,𝒓𝒂𝒘

𝒎𝑻𝑰𝑪𝒋 ∗  𝒎𝑻𝑰𝑪𝒂𝒗𝒆𝒓𝒂𝒈𝒆 
 

where i=metabolite and j:=sample. 

For mTIC, we calculated the sum of all identified compounds intensities per sample, followed 

by the total average of the identified compound intensities sum, of all samples. Then, each 

intensity per compound per sample, is divided by the product of that sample intensities sum 

and the fixed total average of samples sum. This gave us normalized peak intensities, 

nevertheless, as we ran the samples in the UPLC-QTOF MS/MS for a month, the differences 

between samples might be also affected by machine sensitivity, tuning and other 

parameters, so additional normalizations (batch normalization) must be performed.  

 

Statistical analysis 

Some of the statistical analysis were performed using MetaboAnalyst 

(http://www.metaboanalyst.ca/) software version 3.0. Here, no sample normalization was 

used because mTIC normalization was already applied before. Logarithm (Log) 

transformation was applied and for data scaling Pareto was used. Data transformation and 

scaling make individual features more comparable. Principal component analysis (PCA) was 

performed with the among sample variance-covariance matrix of lipid intensities. 

 

RESULTS AND DISCUSSION 

Significantly different lipids between high and lowland accessions of the Diversity 

Panel 

After the generation of lipid profiles for the Diversity Panel population, the data were 

analyzed in order to identify any differences between Mesoamerican and South American 

landraces. Among the 120 landraces, we did not observe a clear difference between 

Mesoamerican and South American landraces (Figure 9). This may be due to the inclusion 

of both subcontinental highland and lowland landraces.  
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Figure 9. Mesoamerican and South American landraces planted in Metepec field. In this 

figure Mesoamerican (Mex) and South American (SA) landraces lipid profiles, including 

highland and lowland ones, are shown. At first sight there is no an obvious separation 

between the groups, however, for PCA we need to analyze the correlation between the 

variables and the principal components (Supplementary Table 4).  
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Figure 10.  Loadings of PCA for Mesoamerican and South American landraces planted in 

Metepec field. 

In Figure 10 LPCs and PCs load on PC1 in different directions. PC1 is strongly correlated 

with all LPC species, meaning LPCs vary together while PCs and PE vary together as well 

(See also Supplementary Table 4). 

In order to be able to better appreciate the difference between high and lowland landraces, 

we separately analyzed Mesoamerican and South American landraces. 
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PCAs for Mesoamerican high and lowland landraces and for South American high and 

lowland landraces (Figure 11) show near-complete overlap between both categories within 

each subcontinental area; this might be because few compounds, compared to total amount 

of lipid species in the profiles, are significantly different between high and lowland landraces. 

 

Figure 11. Mesoamerican and South American landraces, respectively, grouped in high and 

lowland. Highland in red and Lowland landraces in green.  

In both subcontinental areas, highland landrace lipid diversity includes almost all of the 

lowland landraces diversity. 
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Figure 12. Significantly different compounds between Mesoamerican highland and 

lowland landraces and South American ones. 
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In volcano plots on Figure 12 we can see which compounds are significantly different (red 

spots) between highland and lowland landraces from Mesoamerica (upper figure) and 

South America (lower figure), with a fold change (FC) of 1 and a p<0.05. Comparison type 

for each volcano plot: MA_Highland/MA_lowland and SA_highland/SA_lowland 

respectively. 

The compounds which are significantly different between high and lowland groups, in both 

subcontinental regions, belong to two lipid species: phosphatidylcholines (PCs) and 

lysophosphatidylcholines (LPCs). 

PCs and LPCs could be involved in local adaptation and also, these lipid species could 

represent a way of molecular convergence between Mesoamerican high and lowland 

landraces and South American high and lowland landraces.  

 

Figure 13. Differentiated lipid species between Mesoamerican highland and lowland 

landraces. 

Box plots show the difference of lipid abundance between Mesoamerican high and lowlands, 

of the significantly different compounds shown in upper part Figure 13. The Fold change 

and the p value for each species is shown in Supplementary Table 5. 

We can say highland and lowland landraces exhibited a very similar lipid profile when 



 

 

31 

evaluated in Metepec field, however, there are a few lipid species which are significantly 

different between both. These species, shown in Figure 12, might have an important role in 

the local adaptation of high and/or lowland landraces. 

 

Genetic basis behind high and lowland biochemical phenotypes 

To shed light on the importance of PCs and LPCs for maize local adaptation, the B73xPT 

RIL mapping population was used.  

 

Figure 14. RILs cover the whole lipidomic space of the Diversity Panel landraces. 

RILs lipid profile is diverse enough to capture all the lipid diversity within the DP landraces. 
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The advantages of using a biparental population are the breaking up of population structure 

and the reassortment of alleles by the recombination, producing a range of phenotypic 

values. In this case, B73 is an inbred line adapted to lowland-like conditions while PT is a 

mexican highland-adapted landrace. Using all the lipid species identified by UPLC-QTOF 

MS/MS, the RILs parentals were shown to be completely different for all the lipid species 

intensities (Figure 15). 

 

Figure 15. RIL population parentals planted in Metepec field. 

In Figure 15, PT in green and B72 in red are clearly separated among all the identified 

compounds. A volcano plot showing significantly different lipid species, their fold change 

and p-values are shown in Supplementary Figure 3 and Table 6.  
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Figure 16. RILs diversity capture the diversity of its parents. B73 in red, PT in green and 

RILs in blue. 

Nevertheless, when including RIL population into the PCA, RILs showed a highly diverse 

set of lipids, diverse enough to cover the parental lipid profiles.  
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Figure 17. Transgressive segregation along RILs for PC (34:2) (phosphatidylcholine with 

34 carbon and 2 unsaturations). Here the PC (34:2) intensities for all the RILs, B73 (in red) 

and PT (in green).  

As shown in Figure 14, the BC1S5 B73xPT RILs have a transgressive segregation, meaning 

that along the population extreme and intermediate phenotypes are found, respect to the 

parental phenotypes. This is corroborated in Figure 17, where the intensities for PC (34:2) 

varying in a range from extreme RILs to intermediate and parental-like phenotypes. For this 

lipid, PT has a greater intensity than B73, so very probably RILs having PT alleles, rather 

than B73 alleles, will exhibit a higher level of this metabolite (Li et al. 2016). This 

transgressive segregation occurs with all the identified lipid species. 

  

In a study conducted by Li et al. (2016), they also showed how through the development of 

a RIL population, from two rice subspecies, it was possible to generate a metabolite and 

https://paperpile.com/c/NF10B7/QAga
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growth transgressive segregation. This makes it possible to consider in the creation of novel 

metabolic phenotypes by the combination of different germplasms (Li et al. 2016). 

 

 

Figure 18. In the Diversity Panel high PC/LPC ratios are due to low levels of LPCs (Courtesy 

of Rubén Rellán). Correlation between sum of LPC species and the ratio of the sum of PC 

and the sum of LPC species shows that landraces with high ratios are due to low levels of 

LPC species Landraces with high PC/LPC ratios are mainly Mexican highland landraces.  

https://paperpile.com/c/NF10B7/QAga
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Figure 19. QTL peak on chromosome 3 found for the sum of PCs was also found on the 

same region of Chr3 for sum of LPCs. 

This QTL peak for PCs and LPCs represent solid piece of evidence that there is a genetic 

basis behind these phenotypes that could be involved in local adaptation. Further studies 

are needed. For this QTL analysis, the intensities of PCs and LPCs were used as the 

phenotype. All RILs were previously genotyped by GBS.  

 

 

Figure 20. Allelic effect on the phenotype. 
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In Figure 20, the effect plots correspond to the allelic effect of B73 and PT alleles at the 

QTL peak found for the RILs. For the PC QTL peak, upper left plot, being homozygous for 

the B73 allele is reflected in a low level of PCs, while homozygous for PT alleles lead to 

higher levels of PCs. On the upper right plot the effect plot for LPCs QTL peak. Here, 

homozygous B73 alleles leads to higher LPCs levels, conversely, when a RIL is 

homozygous for PT alleles it leads to lower LPCs amount. So PT and B73 alleles at the 

QTL peak have opposite effects on PCs and LPCs.     

After the QTL was identified, we looked for candidate genes in that region (Figure 19) that 

could explain the lipid phenotype we identified. 

 

Figure 21. A phospholipase, GRMZM2G353444, lies in the PCs-LPCs QTL. 

A phospholipase with a predicted PC to LPC activity is lies within the QTL found on 

chromosome 3. GRMZM2G353444 is located at 7,735,192 - 7,737,952 bp on Chr3 and has 

a putative phospholipase type A (PLA1) activity, which cleaves at sn-1 fatty acid (Figure 2) 

releasing a lysopohospholipid and a fatty acid. This PLA1 activity could explain the 

conversion of PCs into LPCs, making GRMZM2G353444 a good candidate gene for 

explaining this phenotype. 
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Figure 22. In B73 GRMZM2G353444 is highly expressed in leaves (V3-V9) 2523 fragments 

per kilobase per million mapped fragments (FPKM) according to http://www.maizegdb.org/. 

 

 

Figure 23. GRMZM2G353444 is upregulated in cold conditions. 

All these results together with the upregulation of this PLA1 under cold conditions suggest 

that PC to LPC conversion was selected against during maize adaptation to the Mexican 

highlands.This phenotype might be important for cold and/or phosphorus deficiency 

tolerance.  

As shown in Figure 21 and 22, the candidate gene is more expressed on vegetative leaves 

than in any other tissue, which could be due to its importance for photoperiod-regulated 

processes.  

When evaluating B73 and PT in Highland (Metepec) and Lowland (Valle de Banderas) fields, 

http://www.maizegdb.org/
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one of the biggest differences between them is the flowering time (Figure 24 A).  

 

Figure 24. Flowering time for B73 and PT at highland and lowland conditions. 

A. Lowland site is located in Valle de Banderas, Nayarit. While Highland field is located in 

Metepec, Estado de México. This evaluation was made during the year 2015. (Aguilar, 

unpublished) B. Lipid species that show significant differences between B73 and PT, planted 

in Metepec.  

Highland conditions are more challenging for maize, mainly due to the lower temperatures, 

phosphorus-deficient soils and high levels of radiation. As mentioned before, for lowland 

conditions (Valle de Banderas field) there is a GDD value of 5 while in highland conditions 
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(Metepec field) the GDD is set around 15. This index predicts that at lowland conditions 

maize would grow and develop three times faster than a highland site and we corroborated 

that with this figure. Highland landraces (here PT) are fast flowering lines under both, 

lowland and highland conditions. 

In Figure 24 B, we see PC (34:2) and PC (34:1) as two of glycerophospholipid species that 

show to be more differentiated between RIL parentals, B73 and PT. These lipids are found 

at higher intensities in highland landrace, PT. Figure 10 (red highlighted) shows that PC 

(32:2), PC (36:4), PC (34:2), PC (34:1) and PC (36:2) vary together and explain 11.7% of 

the variance (component 2) between Mesoamerican and South American landraces. Finally, 

in Figure 13 (blue highlighted), PC (34:1) is one of the lipid species differentiated between 

Mesoamerican high and lowland landraces, found at higher intensities in highland landraces; 

comparing PC (34:1) intensities of highland landraces/ lowland landraces the fold change 

for it is 1.5381 and p value= 0.027101, so it is a significant different lipid species. 

All these listed PC species were also found in a study performed by Nakamura and 

collaborators (Nakamura et al. 2014). According to that study, Arabidopsis florigen FT 

(flowering inducer) binds PC in vitro, while in vivo, transgenic plants producing an increased 

PC levels at the shoot meristem accelerates flowering and low PC levels delay this trait. So, 

PC levels seem to be correlated with flowering time. Moreover, along the day PC species 

are varying in levels and in saturation. Diurnal PCs are less unsaturated than dark period 

PCs (36:6 and 36:5). When performed a membrane-lipid overlay assay the found out that 

FT binds only to diurnal molecular PCs (32:2, 36:2, 36:4, 34:2 and 34:1) accelerating 

flowering. We found the same diurnal PC species being at higher levels along highland 

landraces, which according to Figure 24 A, correlates with an earlier flowering time. 

 

Despite of these findings, deeper investigation about this correlation is needed, as our 

samples were taken (V3 - V6) much earlier than when flowering is initiated.   

 

CONCLUSION 

Using lipid profiling for generating biochemical phenotypes is a fast and very informative 

way to shed light on the genetic architecture behind local adaptation. We identified a QTL 

peak at 8.6Mb in chromosome 3 for phosphatidylcholine (PC) and lysophosphatidylcholine 

(LPC). A candidate gene at the QTL peak has a putative PC to LPC enzymatic activity and 

it is upregulated in cold conditions in B73. Our data suggests that PC to LPC conversion 

was selected against in highland Mesoamerican maize and to a lesser extent in highland 

South American maize. 

https://paperpile.com/c/NF10B7/y5iH
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These findings highlight the candidate structural function of this PLA1 in maize stress 

response and also provides important hints to the genetic basis of the natural variation in 

maize cold tolerance. This could be a good start for future improvement of this trait.  

PC to LPC conversion was selected against during maize adaptation to Mexican highlands. 

This phenotype might be caused by a mutation in PT, which could be selected also across 

other Mexican highland landraces, and might be important for cold and/or phosphorus 

deficiency tolerance. Further analyses using a landrace diversity panel suggest that this 

biochemical phenotype might have been selected for in highland Mexican maize but not in 

South American highland races.  

 

PERSPECTIVES 

As a first approach to identify if the differences between high and lowland phenotypes are 

due to a mutations or due to regulatory processes, the candidate gene (GRMZM2G353444) 

will be analyzed through Sanger sequencing. This will show if there is a mutation that leads 

to a non functional protein in genotypes such as PT where there is a higher level of PC than 

LPC. For this we will use the B73xPT RIL mapping population, which is convenient because 

all individuals are inbreds, and thus homozygous. For this, we are going to use extreme RILs 

for PC/LPC ratio; as shown in Figure 20 and Table S8, RILs with the highest PC/LPC ratio 

turn out to be the ones homozygous for PT alleles, while the ones with the lowest ratio are 

homozygous for B73 alleles. We will extract DNA from PT homozygous RILs and B73 

homozygous RILs, which have the same PT or B73 haplotype since they were generated 

from an initial B73xPT cross. Based on the reference B73 sequence, we will design primers 

for amplifying the promoter, 5’UTR, exons, intron and 3’UTR of the candidate gene. 

In the case a mutation is found, we will design genetic markers to be able to follow this 

mutation along different materials. 

Another suitable option for the development of a genetic marker to detect this possible 

mutation would be the use of SSRs. Based on SSRs sequences reported for B73, primers 

will be designed to amplify these fragments along B73xPT RILs which are known 

homozygous for B73 alleles and RILS homozygous for PT alleles.  

Once known if there is a mutation on the candidate gene, in collaboration with Michigan 

State University (MSU) we will proceed with the functional characterization of the gene 

through an enzyme-substrate assay. Also at MSU, we will do heterologous expression, of 

GRMZM2G353444, in E.coli will be performed to later be able to transform Arabisopsis 

thaliana and evaluate the effect of this gene under different stresses like low Pi and cold. 
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As shown before, Figures 21 and 22, GRMZM2G353444 is tissue-specific and is highly 

expressed along V3 - V9 stages in B73. Given that in the present work all the leaf samples 

were collected through V3 - V6 stages, analyzing gene expression, using RT-PCR, along 

these developmental range through RILs and parentals would be very informative to 

compare expression level of GRMZM2G353444 and other enzymes involved in glycerolipid 

metabolism, through different developmental stages. Along with this, transient expression 

of the candidate PLA1 will be performed to know the exact location of the protein.    

B73xPT F1 population had been grown in Valle de Banderas (lowland field) and it is currently 

growing in Metepec (highland field). From this population samples for lipid profiling and 

samples for RNAseq were collected, only for Valle de Banderas so far, from the same leaf 

longitudinally along each side of the main vein. WIth this data, it will be possible to analyze 

allele specific expression and also use GWAs as an approach to correlate genomic variation 

with our biochemical traits.  

Finally, to understand the role of PCs in flowering time, we will be analyzing data we 

generated from lipid profiling of B73, PT and CML312 in greenhouse conditions. We 

collected leaf tissue from V3 to V12 stage, and from three different sections of the leaves 

(Base, middle and tip). PT started flowering with 15 fully expanded leaves, B73 flowered 

with 13 expanded leaves and 4 emerging leaves and CM312 started flowering at 17 

expanded leaves and 1 emerging one, we believe the lipid profiles we acquired will be more 

representative for trying to correlate PC species with flowering time. 
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SUPPLEMENTARY MATERIAL 

 

Figure S1. MS-DIAL noise peak detection. 

Features with m/z of 130.16, 225.209 and 211.19 are often found in LC.MS runs, and they 

correspond to noise. As seen on the Peak spot viewer (in red), the m/z 130.1582 is found 

repeatedly along different retention times (pointed with black arrows), which is the first 

characteristic of noise. Then, on the EIC (in yellow), this m/z does not show any defined 

peak. This image corresponds to LANMLR17B036 RIL lipid sample analyzed with MS-DIAL. 
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Figure S2. Lipid species that show significant differences between South American highland 

and lowland landraces. 60 South American landraces were used, 30 of them were highland 

landraces and 30 lowland ones. Two plants of each landraces were planted in Metepec. 

Student’s t-test was used as statistical test and box plots show the difference of lipid 

abundance between South American high and lowlands.  

Fold change and p values: LPC (18:1) FC= 0.55046 and pvalue = 9.6379E-4, LPC (18:2) 

FC= 0.7769 and pvalue= 0.046116, PC (35:2) FC= 0.72633 and p value= 0.0013691 and 

finally for PC (38:5) FC= 2.2376 and p value= 1.9793E-5. 
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Figure S3. Differentiated lipid species between B73 and PT in Figure 14. 

Significantly different lipid species shown with red spots, FC of 1 and p=0.05 

 

Tables S1, S2, S3, S4, S7, S8 and Files S1 to S4 can be found in the next site:  

http://www.rrlab.org/karla_ms_thesis.html 

 

Table S5. Fold change and p value of differentiated lipid species between Mesoamerican 

highland and lowland landraces of Figure 13. 

Lipid Fold Change P-value 

LPC (18:2) 0.64431 0.002907 

PC (32:0) 0.48763 4.94E-08 
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PC (32:1) 0.71424 0.030949 

PC (34:1) 1.5381 0.027101 

PC (35:2) 0.6863 4.27E-04 

PC (36:5) A 1.3983 0.023299 

PC (36:5) B 1.276 0.039681 

PC (38:5) A 2.331 1.21E-04 
  

Fold change is based on the comparison of MA_highlands/MA_lowlands.  

 
Table S6. Fold change and p value of differentiated lipid species between South American 

highland and lowland landraces of Supplementary Figure 2. 

Lipid Fold change P-value 

LPC (18:1) 0.55046 9.64E-04 

LPC (18:2) 0.7769 4.61E-02 

PC (35:2) 0.72633 1.37E-03 

PC (38:5) A 2.2376 1.98E-05 

 

 


