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Journal of Integrated OMICS, JIOMICS, provides a forum for the publication of original research papers, preliminary 
communications, technical notes and critical reviews in all branches of pure and applied "-omics", such as genomics, proteomics, 
lipidomics, metabolomics or metallomics. The manuscripts must address methodological development. Contributions are 
evaluated based on established guidelines, including the fundamental nature of the study, scientific novelty, and substantial 
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and instrumentation development, are especially encouraged. It is expected that improvements will also be demonstrated within 
the context of (or with regard to) a specific biological question; ability to promote the analysis of molecular mechanisms is of 
particular interest. Novel or improved applications in areas such as clinical, medicinal and biological chemistry, environmental 
analysis, pharmacology and materials science and engineering are welcome. 
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Plant-parasitic nematodes (PPN) cause an estimated crop 
yield loss of 14.6% in tropical and sub-tropical climates and 
losses of 8.8% in developing countries (1). /ese losses are 
estimated to exceed 100 billion US dollars (2; 3). /us, PPN 
have a signi4cant impact on food security and our ability to 
feed a growing human population (35% increase by 2050, 4) 
in the coming years. Other estimates project a 75% increase 
in food demand between 2010 and 2050, including changes 
in diet (toward consuming more protein) and steady popula-
tion growth (5).  

Plant-parasitic nematodes are considered the “unseen ene-
mies” of plants because the symptoms seen in the aerial parts 
of plants are generally associated with forms of abiotic stress 
(e.g., lack of nitrogen, water stress). Diseased plants are usu-
ally found in patched patterns in the 4eld (Fig. 1). Aside 
from the lack of speci4c symptoms, it is di?cult to detect 
PPN, which are small, soil dwelling organisms. Nematodes 

can a@ect crops by directly feeding on plants through the 
stylet (a protrusible, syringe-needle-like structure), disrupt-
ing plant physiology through the growth of plant-speci4c 
structures, enabling secondary infection by opportunistic 
pathogens (bacteria and fungi) or, in some cases, transmit-
ting plant viruses. /e damage caused by PPN largely de-
pends on the type of crop, its stage of development, and 
edaphic/climatic conditions. Table 1 lists the speci4c damage 
caused to crops in detail. Some genera are of major im-
portance as plant parasites (e.g. Meloidogyne, Globodera, 
Heterodera, Pratylenchus, Ditylenchus, Aphelenchoides, Bur-
saphelenchus, Xiphinema, Trichodorus), while others are of 
minor importance (given their limited crop damage or low 
numbers in the soil). Some PPN are highly polyphagous 
(e.g.. Meloidogyne spp., Pratylenchus spp.) and can infect 
many species of plants, while others are species or genus 
speci4c (e.g. Globodera spp., Heterodera spp.).  
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Abstract 

1. Importance of plant-parasitic nematodes in agriculture  

Plant-parasitic nematodes (PPN) cause signi4cant losses and these pathogens must be addressed amid the growing demand for food, global 
warming, and the discarded use of inorganic pesticides. For these reasons, acquiring deeper knowledge about PPN and devising new man-
agement strategies are important in order to meet future food demand. /is review focuses on PPN and their applicable and diverse –omics 
4elds of study. While most e@orts have been centered on transcriptomics, other –omics studies have recently begun to expand. /e few ge-
nomes sequenced (Meloidogyne incognita, M. hapla, and Bursaphelenchus xylophilus) have shown high diversity in PPN. /is review also 
discusses the future prospects and uses of –omics relative to PPN.  
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Plant-parasitic nematodes can be separated based on their 
life strategy into several groups: 

i) ectoparasites: nematodes remaining in the soil and not 
entering plant tissue; ii) endoparasites: nematodes that fully 
penetrate root tissue; and iii) semi-endoparasites: nematodes 
that penetrate roots with only their anterior part, with their 
posterior part remaining in the soil phase. /is division be-
comes more complicated with the presence of migratory or 
sedentary life cycles. Nematodes also serve important roles 
in the Wow of energy in the soil and are important in other 
ecological niches (such as bacterial and fungal feeders, pred-
atory and omnivorous). Some PPN, primarily the sedentary 
endoparasites (Meloidogyne spp., Heterodera spp., Globod-
era spp.), have a complicated relationship with their host. 
/ey induce the re-di@erentiation or fusion of root cells into 
“specialized feeding sites” (Fig 1) from which they feed con-
tinuously. Feeding sites are thought to be produced as a re-
sult of the action of proteins and/or small molecules (e.g. 
hormones) secreted into the host via the stylet. Other secre-
tions from the nematodes (via cuticles, amphids and rectal 
glands) may also play an important role in plant parasitism. 
/e current trend toward discontinuing the use of inorganic 
pesticides due to environmental and human health concerns, 
and the e@ects of climate change which may increase the 
geographical range of some nematodes, are predicted to in-
crease the damage caused by PPN (1). For these reasons, 

greater and more detailed knowledge about the causal agents 
of disease and the life cycle (e.g., development, survival, in-
teraction with host, virulence, pest resistance) of PPN are 
essential for devising new management strategies. Omics 
studies will o@er new ways of obtaining the knowledge nec-
essary for achieving these objectives.  

2.  –Omics +elds of study related to plant-parasitic nema-

todes 

Plant-parasitic nematodes are intimately associated with 
their hosts and are highly adapted to this lifestyle. Studies 
conducted on the model nematode (Caenorhabditis elegans) 
have contributed enormously towards advancing our under-
standing of the basic biology of PPN. However, studies of 
PPN are far more di?cult than those on C. elegans as several 
features of their life cycle make them extremely di?cult to 
work with. /ese include: i) di@erent speci4c development 
stages that exist only inside the roots (endoparasitic nema-
todes); ii) di?culty to culture the nematodes as most PPN 
are biotrophic organisms; and iii) high diversity in some 
species. Moreover, many PPN studies are dictated by the 
importance of certain groups of nematodes over the rest. 
Studies tend to be focused on the most damaging PPN (i.e., 
sedentary endoparasites Meloidogyne spp., Globodera spp., 
Heterodera spp.). However, studies on other nematode groups 
will expand as more genomes and sets of genes are deposited 
in public databases. 

2.1. Genomics 

Whole genome sequencing yields access to all the genes, 
avoiding the di?culty of 4nding genes expressed at low lev-
els by using other strategies (such as ESTs). However, the 
gene catalogue from whole genome sequencing may still be 
incomplete, as some regions remain di?cult to sequence and 
certain transcripts could be di?cult to predict based on the 
genomic sequence alone (6). Second generation of sequenc-
ing technologies collectively known as “Next Generation 
Sequencing” (NGS) has emerged in recent years including: 
454 sequencing (Roche, Branford, CT, USA), Illumina se-
quencing (Illumina Inc., San Diego, CA, USA), and sequenc-
ing oligonucleotide ligation and detection (SOLiD) (Applied 
Biosystems, Carlsbad, CA, USA) (7). /ese new technologies 
o@er advantages over Sanger sequencing in terms of i) re-
duced cost per DNA base sequenced; ii) speed at which large 
volumes of data are generated; iii) an ability to work with 
less starting material, and iv) no need to go through a clon-
ing vector or host organism (7). However, challenges remain 
when using NGS including issues with the assembly process 
and data storage. In addition, speci4c problems are associat-
ed with some technologies, such as the unreliable determina-
tion of homopolymer regions and large repeats in 454 se-
quencing technology (6). Nevertheless, several programs are 
available for the assembly process and data management (see 
reviews by 6 and 7).  

Fig. 1. Plant-parasitic nematodes and their damage to plants. A) 
Patchy distribution of symptomatic plants (yellow and reduced 
growth) in a wheat 4eld caused by Heterodera avenae; B) pine tree 
death by Bursaphelenchus xylophilus; C) Grapevine Fan Leaf virus 
in grapevine transmited by Xiphinema index; D) Anterior part of 
Hemicycliophora sp. showing the stylet; E) Grapevine rootstock 
(41 B Millardet et De Grasset) infected by the root-knot nematodes 
Meloidogyne incognita race 1, in detail: a female extracted from 
roots; F) Cross section of M. artiellia chickpea infected root show-
ing the typical feeding site with giant cells.  
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Caenorhabditis elegans was the 4rst genome of a multicellu-
lar organism to be completely sequenced, thereby providing 
a platform for further nematode genomics (C. elegans Se-
quencing Consortium, 1998). Nematode genomes analysed 
to date range from 15 megabases (Pratylenchus spp.) up to 
0.5 gigabase (in some estimates of the Ascaris suum ge-
nome), and were organized from as few as one chromosome 
(Parascaris univalens) to many tens (in certain Meloidogyne 
spp.) (6).  Representative species across the diversity of the 
phylum Nematoda is very important for understanding the 
molecular and ecological aspects of nematodes. To date, 
three species of PPN including two from the genus Meloido-
gyne (sedentary endoparasites), M. incognita (8), M. hapla 
(9), and Bursaphelenchus xylophilus (migratory endopara-
sites) (10) have been sequenced and published. Further plant 
nematode genome sequencing programmes are in progress 
including, Bursaphelenchus mucronatus, Ditylenchus de-
structor, Globodera pallida, Globodera rostochiensis, Meloido-
gyne arenaria, Heterodera glycines, Meloidogyne #oridensis, 
and Meloidogyne javanica (www.nematodes.or). Infor-
mation on with the progress of some of these sequencing 

projects is now available on various websites. However, other 
important PPN not related to the order Rhabditida are not 
yet being sequenced. /ese include nematodes in the orders 
Enoplea (i.e., genera Xiphinema, Longidorus, Pa-
ralongidorus) and Triplonchida (i.e., genera Trichodorus, 
Paratrichodorus). 

/e genome sequences obtained to date have showed im-
portant di@erences between them, even in species from the 
same genus (e.g., M. incognita, M. hapla). /ese di@erences 
may reWect the important biological di@erences that exist 
between these species. Meloidogyne incognita is a partheno-
genetic and polyphagous species, while M. hapla is capable 
of sexual reproduction and has a narrower host range (11). 
Many isolates of M. incognita are subject to extensive poly-
ploidy and/or aneuploidy, while M. hapla has a meiotic re-
production lifestyle, which helps make controlled crossings 
possible (11). /e main di@erences between both genomes 
are the very small size of M. hapla; in contrast, the M. incog-
nita genome has shown the genetic consequences of reproduc-
tion by asexual mitosis, as demonstrated by the high se-
quence divergence between aligned regions (11). /e num-

Life-sustaining Crops Annual Loss (%) Economically-

important Crops 

Annual Loss (%) 

Banana 19.7 Cacao 10.5 

Barley 6.3 Citrus 4.2 

Cassava 8.4 Co@ee 15.0 

Chickpea 13.7 Cotton 10.7 

Coconut 17.1 Cowpea 15.1 

Corn 10.2 Eggplant 16.9 

Field bean 10.9 Forages 8.2 

Millet 11.8 Grape 12.5 

Oat 4.2 Guava 10.8 

Peanut 12.0 Melons 13.8 

Pigeon pea 13.2 Misc. other 17.3 

Potato 12.2 Okra 20.4 

Rice 10.0 Ornamentals 11.1 

Rye 3.3 Papaya 15.1 

Sorghum 6.9 Pepper 12.2 

Soybean 10.6 Pineapple 14.9 

Sugar beet 10.9 Tea 8.2 

Sugar cane 15.3 Tobacco 14.7 

Sweet potato 10.2 Tomato 20.6 

Wheat 7.0 Yam 17.7 

        

Average 10.7% Average 14.0% 

  Overall Average 12.3%   

Table 1. International survey of crop losses due to nematodes based on 371 responses (Source: 1).  
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ber of proteins predicted in the two RKN genomes is also 
di@erent (14,454 and 19,212 for M. hapla and M. incognita, 
respectively). /is is due to the duplications that have oc-
curred within the M. incognita genome (11).  

/e pine wood nematode, B. xylophilus is a migratory 
endoparasite that causes severe damage to forest ecosystems. 
Several species of pine trees (mainly outside the area of co-
evolution with pines in North America) are susceptible to B. 
xylophilus. Bursaphelenchus xylophilus has a complex ecology 
that combines fungal feeding and the plant-parasitic/insect-
associated stages. /e genome of this species contains 18,074 
genes distributed across six chromosomes. /e assembled 
genome showed a G+ C content of 40.4%, which is higher 
than that of both M. incognita (31.4%) and M. hapla 
(27.4%). /is nematode showed great expansion in terms of 
digestive and detoxi4cation proteins, which may reWect an 
unusual diversity in the foods consumed and the environ-
ments encountered during its life cycle (10). In addition, B. 
xylophilus has the largest number of digestive proteases known 
for any nematode, and shows expanded families of lysosome 
pathway genes, ABC transporters, and cytochrome P450 
pathway genes (10). Bursaphelenchus xylophilus sequences 
that matched those of parasitism genes (except cell wall de-
grading enzymes) either did not have the predicted signal 
peptide or, if one was predicted, homologues were also pre-
sent in a wide range of other species including C. elegans and 
animal PPN (10). Two exceptions were found—venom aller-
gen proteins and a putative cystein protease inhibitor. /ese 
4ndings are consistent with the independent evolution of 
plant parasitism within Bursaphelenchus compared to other 
nematodes  (e.g., Meloidogyne and Heterodera, Globodera 
spp.,). In addition, B. xylophilus is a migratory endoparasite 
that is not biotrophic (10).  

/ese analysis of genomes from PPN have led to the iden-
ti4cation of novel secreted proteins that could be important 
parasitism genes (e.g., cell wall-degrading enzymes, those 
involved in modulation of the plant’s defense system, those 
important for establishment of nematode feeding sites, and 
those required for synthesis or processing of nutrients). 
Some of these identi4ed parasitism genes were acquired by 
horizontal gene transfer (HGT) from bacteria or fungi (12). 
In addition, these genomes have given researchers important 
tools for understanding parasitism and have led to the iden-
ti4cation of genes that could be good targets for nematode 
control and basic biological research (reviewed by 13).  

/e sequenced genomes of other nematodes having di@er-
ent ways of life (e.g., free moving bacterial feeder, bacterial-
fungus-nematode feeder, necromenic and animal parasitic) 
and/or di@erent life-related vectors take di@erent genomic 
approaches to deal with their environments. In some cases, 
such unexpected results as cellulases or diapausin have been 
found in the genome of Pristionchus paci&cus. /ese cellu-
lases exhibited a probable and di@erent functional role 
(probably used for bio4lm degradation of certain bacteria), 
and origin by HGT (amoebozoa) than cellulases in PPN (14). 
Moreover, diapausin and other genes (509 genes in total) 

have insect-like codon usage more akin to insects than nem-
atodes (15). For this reason, they are considered to be ac-
quired via HGT from insects (14; 15). Ascaris suum (an ani-
mal parasite) presents a large genome with a similar number 
and size of genes. However, it has a low repeat content 
(4.4%) and a greater intron size compared to the other spe-
cies sequenced (Table 2; 16). Conversely, the genome or 
Diro&laria immitis (an animal parasite) harbors neither 
DNA transposons nor active retrotransposons (17). Some 
animal-parasitic nematodes with sequenced genomes (e.g., 
B. malayi, D. immitis) harbor intracellular symbiotic bacteria 
of the genus Wolbachia (17), and the genomes reveal the 
genetic basis of this interrelationship. As explained before, 
the genomes of nematodes are very diverse between and 
within the same genus employing the same parasite strategy; 
thus, new genomes will show more diversity in this sense. 

Phylogenomics, which uses genomes (or large portions 
thereof) to reconstruct evolutionary relationships between 
species, is dependent on the development of genomic re-
sources. /is approach is not yet applicable to PPN as only 
three species have been sequenced to date. However, Kikuchi 
et al. (2011) conducted this analysis on the seven nematodes 
studied. /e study of PPN families with di?cult evolution-
ary relationships (such as Meloidogynidae or Pratylenchi-
dae) will become more de4ned as more genomes become 
available. 

2.2. Transcriptomics 

/e most rapid and cost-e@ective approach to gene discov-
ery in eukaryotic genomes (including PPN) has been the 
generation of expressed sequence tags (ESTs) (18). However, 
EST data has such shortcomings as: i) base-calling errors 
when dataset redundancy is not su?ciently considered; ii) 
ESTs are generally not complete and do not cover the gene’s 
entire coding sequence; and iii) short inserts tending to 
clone more e?ciently than longer ones (18). Nevertheless, 
ESTs are considered among the most important tools for 
studying PPN at the molecular level. Analysis of the Gen-
Bank division housing ESTs (http://www.ncbi.nlm.nih.gov/
dbEST) showed 73 datasets for nematodes, 21 of which were 
derived from PPN (28.8%). However, PPN only accounted 
for 210,422 (17.7%) of the total ESTs (1,190,246), with sed-
entary endoparasites accounting for the majority of these 
sequences. Some web tools provide more useful data for re-
searchers, such as wormbase (www.wormbase.or; 19), Nem-
base4 (http://www.nematodes.org/nembase4; 20), and Nem-
atode.net (www.nematode.ne; 20). /e use of such new tech-
niques as NGS or microarrays (based on EST datasets, com-
plete nematode genomes, or joined nematode/plant genes) 
will expand as the techniques become less expensive and 
more available at a greater number of research centers.  

Sedentary endoparasites account for the majority of tran-
scriptomic data at all levels. /ese species include M. incog-
nita, M. hapla, M. javanica, M. paranaensis, M. chitwoodi., 
Globodera pallida, G. rostochiensis, G. mexicana, Heterodera 
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glycines, H. schachtii, and H. avenae (6; 9, 22-31). /e migra-
tory endoparasite species studied are Pratylenchus co)eae, P. 
thornei, P. penetrans, Radopholus similis, Ditylenchus afri-
canus, and B. xylophilus (30; 32-37). /e only semi-
endoparasitic species studied is Rotylenchulus reniformis 
(38), and the only ESTs from an ectoparasite are from 
Xiphinema index (39). /e majority of these studies have been 
centered on understanding the mechanisms (mainly protein 
e@ectors) involved in plant-parasitism caused by PPN. Few 
studies have been directed at a comparison of di@erent envi-
ronmental studies, di@erent speci4c nematode stages, or 
di@erent nematodes strains/species (35; 40- 45). /e study of 
avirulence factors has been achieved by employing a cDNA-
ampli4cation fragment length polymorphism (AFLP)-based 
strategy in M. incognita for the gene Mi (39; 46). However, 
the avirulence factor (map-1) (46) was not found for M. ja-
vanica, and when nematode juveniles of the Mi-1-avirulent 
strain were soaked in dsRNA from a di@erent potential avir-
ulence factor Cg-1, they produced progeny that were virulent 
on tomato carrying the Mi-1 gene (41). Other example of 
avirulence factor is the cyst nematode SPRYSEC protein 
RBP-1 in G. pallida, which elicits Gpa2 and RanGAP2 de-
pendent plant cell death (47). /is recognition of Gp-RBP-1 
correlated to a single amino acid polymorphism at position 
187 in the Gp-RBP-1 SPRY domain (47). /e e@ects of 
di@erent plant resistant genotypes on the same nematode (G. 
pallida) have also been studied using microarrays in di@erent 
breeding potato lines, revealing similarities in the mode of 
action against the nematode (45). Di@erent H. glycines pop-
ulations (virulent or avirulent) exposed to the resistant Gly-
cine max genotype (Peking) were studied at pre-parasitic stag-
es and at di@erent times of post-infection (43), with numer-
ous putative parasitism genes being found expressed di@er-
entially, as well as numerous genes (1668) being suppressed 
in the avirulent population, and induced in the virulent pop-
ulation (43).  

Next Generation Sequencing has been used for several 
nematodes, the majority of which are migratory endopara-
sites. For example, P. thornei and P. co)eae transcriptomes 
have been studied using a 454 strategy (36; 37). Both 
Pratylenchus spp. showed similarities in terms of e@ectors 
relative to other species of PPN with di@erent lifestyles. Illu-
mina NGS has been used for a comparison between B. xy-
lophilus (PPN) and B. mucronatus (only PPN under con-
trolled conditions) that showed a similar adaptation to life 
on pine hosts (35). NGS has also been used in the genome 
annotation analysis of B. xylophilus (10). New web integra-
tion platforms (such as Nematode.net) enabling the use of 
NGS data and the development of new programs or web 
tools for large-scale genome analyses will help promote the 
development of these studies (48). 

2.3. Proteomics 

Proteomics is the study of proteins or proteomes. A spe-
ci4c proteome can be de4ned as all the proteins in an organ-

ism, organ, tissue or cell under speci4c environmental and 
temporal conditions. /e use of proteomics in PPN has been 
hampered due to a lack of sequenced genomes or ESTs da-
tasets for some species and due to the problems in obtaining 
the required sample amounts from species that have long life 
cycles or which are obligate endoparasites. /e few studies 
using proteomics that have been conducted on PPN  have 
been conducted with the aim of i) identifying e@ectors se-
creted by the nematode in order to understand their role in 
plant-nematode interaction; ii) map the entire proteome, 
and iii) con4rm annotated genomes. 

/e use of proteomics in identifying e@ectors was made 
possible by the study of speci4c subproteomes. /e secre-
tome of M. incognita was investigated using 2-DE gels (49), 
followed by a more complete analysis using nano-LC-
ESIMS/MS to 4nd e@ectors (50). Rehman et al., (2009) used 
a monoclonal antibody to immunopurify the most abundant 
cellulases in the stylet secretions of pre-parasitic juveniles of 
G. rostochiensis (51). Di@erent e@ectors have also been detect-
ed using these techniques. However, the detection capabili-
ties are limited due to the amounts of protein required for 
their correct detection and identi4cation. 

Di@erent proteomic maps using 2-DE gels have been made 
for Heterodera glycines (a soybean cyst nematode), B. xy-
lophilus, Ditylenchus dipsaci, and di@erent species of Meloido-
gyne. Heterodera glycines showed 803 proteins using 2-D gels, 
with 426 spots being identi4ed by LC-MS/MS, indicating 
that those showing metabolic, developmental, and biological 
regulation processes were the most abundant (52). Navas et 
al. (2002) compared di@erent isolates from the species of 
Meloidogyne (i.e., M. incognita, M. javanica, M. arenaria), in 
order to 4nd proteomic markers for identi4cation (53). /e 
identi4cation of several di@erential proteins in gel suggested 
their possible use as putative diagnostic markers for the spe-
cies (54). A similar study was conducted on the discovery of 
possible protein biomarkers in D. dipsaci races (55). /e 
peptides of galactose-binding lectin-1 of B. xylophilus were 
demonstrated as being the antigen target of MAb-D9-F10, as 
based several types of proteomic analyses (e.g., SDS-PAGE, 2
-DE, anion exchange chromatography, immunoprecipita-
tion) (56), while other studies more centered on subproteo-
mes showed important di@erences when the nematode is 
inside the host or at various stages of development (57; 58). 
On the other hand, the complete proteome of M. hapla (59) 
is the only one that has been used thus far to improve ge-
nome annotation and provide experimental con4rmation of 
the computational predictions of intron/exon structures. 

2.4. Metabolomics and other –omics &elds of study 

Technical advances made in high-resolution NMR spec-
troscopy and mass spectrometry, in an attempt to capture 
the complexity of metabolic networks (60), have increased 
the possibilities of metabolomics, which could be subdivided 
into other subdivisions such as lipidomics and glycomics. In 
a widest sense of the word, metabolomics has been applied 
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to C. elegans in order to study the regulation of signals and 
aggregating behavior (61), the e@ects of pesticides and heavy 
metals or a combination of both (62), changes in diet (63), 
and the detection of di@erences between mutants (64). Lip-
idomics characterizes the composition of intact lipid molec-
ular species in biological systems (65). /e discovery of new 
antiparasitic drug targets using membrane lipidomics and 
the changes in lipid balance in the membranes of parasites 
could provide clues to the dynamics of drugs and some 
mechanisms of drug resistance; work in this area has fo-
cusedmainly on vertebrate nematode parasites (66). Howev-
er, few studies have been conducted using lipidomics in 
PPN. Only a few approaches to the variation in lipid reserves 
of second-stage juveniles of Meloidogyne exigua in a co@ee 
4eld and its relation with infectivity have been studied (67). 
While in cyst nematodes, several studies showed the e@ect of 
long-term storage on the lipid reserves and fatty acid com-
position of cyst and hatched juveniles of G. rostochiensis and 
G. pallida (68); during rehydratation, exposure to the hatch-
ing stimulus and hatch in G. rostochiensis (69) or the inWu-
ence of the host plant on lipid reserves of G. rostochiensis 
(70).Some studies attempted to identify fatty patterns in the 
soil for biodiversity assessment (71; 72). /e glycome con-
sists of all glycans (or carbohydrates) within a biological sys-
tem, and modulates a wide range of important biological 
activities from protein folding to cellular communication 
(73). Arrays and mass spectrometry techniques are used to 
study the glycome. Glycomics is still in the development 
stage in nematodes, and only partial studies on certain gly-
cans related to this matter have been reported (74; 75). 

3. Use of –omics studies in plant-parasitic nematode pop-

ulation management 

/e best management of PNN is to avoid its introduction 
to the 4eld, because once PPN is introduced and the popula-
tion stabilized, they are almost impossible to eradicate given 
their long survival stages, deep soil penetration, and the in-
e@ectiveness of most pesticides now permitted to be used in 
soil. /e management of PPN in general, or that of a speci4c 
species, should be centered on maintaining population levels 
below the economic damage threshold for the crops being 
grown. /e cost of control measures must also be adjusted 
relative to the cost of the expected yield reduction, as com-
pared to the yield in a situation where there is no need for 
control (76). For these reasons, the nematodes in certain low
-cash crops could signi4cantly impact their management. 
/e most e?cient and economically viable strategy is usually 
host-plant resistance. However, “Integrated Pest Manage-
ment”, which integrates several control measures 
(agronomical, chemical, and genetic) is o\en the best solu-
tion for PPN management.  

/e impact of the several –omics studies discussed above is 
or will be signi4cant in terms of PPN management. Correct-
ly and quickly identifying species is the 4rst point in the cor-
rect integrated management of PPN. Plant-parasitic nema-

todes have a conserved morphology and few characters are 
useful for experienced nematologists in delimitating species, 
but morphologically very similar species may have markedly 
di@erent pathogenic features. As mentioned before, some 
species are highly host-speci4c and genomic or proteomic 
approaches could help to identify species. More importantly, 
both pathogenicity genes and survival genes play an im-
portant role in PPN management. –Omics studies o@er a 
faster way to study these genes, but the sequences of interest 
will be pioneers that do not have orthologues in model or-
ganisms, such as C. elegans. Pathogenicity genes, speci4cally 
those implied in the formation of “feeding sites,” are of great 
interest for their biological signi4cance and putative use as 
control measures targeting their expression using RNAi. 
RNAi is a useful research tool for determining gene function 
and has potential applications in commercial nematode con-
trol through transgenic plant-derived dsRNA (11). /is tool 
has been used extensively to knock down gene expression in 
C. elegans by introducing dsRNA using microinjection, soak-
ing, and feeding (77). /e soaking of second-stage juveniles 
(J2s) in dsRNA solution in combination with drugs (e.g., 
resorcinol) has been applied to several species of PPN 
(reviewed in 78), but more recent studies have highlighted 
the challenges of non-speci4c phenotypic e@ects from long 
dsRNAs (79).  

4. Concluding Remarks 

Plant-parasitic nematology will generally be assisted in 
4nding solutions to minimize crop loss caused by PPN. In 
this sense, the next step in using these genome sequences will 
be comparative and functional analysis in order to 4nd out 
genes involved in their pathogenicity/virulence which will be 
achieved by analyzing di@erent strains or di@erent species 
from the same genus. /e future availability of “third-
generation” sequencing approaches based on single DNA 
molecule sequencing, with longer read capabilities and great-
er parallel sequencing densities (i. e., Paci4c Biosciences 
technology or Oxford Nanopore) may be helpful in this re-
gard. Such new technologies will help reduce the costs of 
genome sequencing. On the other hand, the use of other –
omics 4elds of study, such as metabolomics, lipidomics and 
glycomics in plant-parasitic nematology, will expand as 
more genomes become available to researchers. However, all 
these techniques should have an important applied role in 
crop protection as much as possible. Otherwise, we run the 
risk of creating science for scientists, and not for farmers. 
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Lipidomics is the systematic identi"cation of the lipid mo-
lecular species of a biological matrix (either a cell, organelle, 
globule, or whole organism) with emphasis on the relative 
quantitation of composition changes in response to a pertur-
bation, such as ageing or drug treatments [1].While the term 
“lipidomics” dates back to a decade ago, investigations of the 
lipid content of speci"c biological matrices was an already 
consolidated "eld of research over the last "7y years [2]. In 
particular, this holds true for those matrices that are largely 
available and display limited biological complexity, such as 
anucleated cells and, in particular red blood cells (RBCs) [2-
14].  

Indeed, RBCs are also devoid of organelles and of any de 
novo lipid synthesis capacity, which makes their lipidome ra-
ther stable in comparison to other cell types. Indeed, phos-
pholipid synthesis is known to be active in reticulocytes and 
suppressed in mature RBCs [15]. Nonetheless, alteration of 
lipid homeostasis is strictly tied to membrane reorganization 
during RBC ageing in vivo and in vitro (RBC storage), main-
ly owing to lipid peroxidation phenomena which promote 
membrane shape alterations through the progressive loss of 
lipids (and membrane-associated proteins) via vesiculation 
[16-18]. >erefore, it is small wonder that the RBC lipidome 
has long attracted a great deal of interest over the last "ve 
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Abstract 

1. Introduction 

Recent developments in mass spectrometry (MS) have enabled fast and sensitive detection of lipid species in diWerent biological matrices. In 
the present study we performed an on-line HPLC-microTOF-Q MS approach to the red blood cell (RBC) lipidome. We thus exploited bioin-
formatic tools for the interrogation of novel databases, such as LIPID MAPS. By means of ad hoc so7ware suites for mass spectrometry-based 
metabolomics analyses, we could address the key biological issue of the RBC lipidome, within the framework of RBC storage for transfusion 
purposes. Samples were collected from subjects living in the province of Viterbo, where olive oil consumption represents a central aspect of 
the diet. On this ground, we could postulate a diet speci"c eWect on the accumulation of lipid-speci"c storage lesions. >e analyses yielded the 
tentative identi"cation of a huge number of lipid molecules on the basis of accurate intact mass values and retention times, and MS/MS vali-
dation. >is analytical workYow was exploited to consolidate existing knowledge on the RBC lipid composition and individuate statistically 
signi"cant Yuctuations of lipids throughout storage duration of RBC concentrates under blood bank conditions. Our analysis indicated 
ceramides, glycerophospholipids and sterols as key targets of RBC storage lesions to the lipidome, that will deserve further targeted investiga-
tions in the future. It also emerged how compositional analyses of the RBC lipidome might end up yielding diWerent results on the basis of 
the background of the blood donor (i.e. diet), which might translate into region-speci"c lipidomic alterations over storage progression of 
RBC concentrates.  

Keywords: Red Blood Cells; Mass Spectrometry; Blood Storage; Lipidomics.  
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decades. 
Yet in 1959, Phillips and Roome provided a preliminary 

portrait of the human RBC phospholipidome [2]. However, 
it was only in 1960 that Hanahan and colleagues described a 
more complex scenario, also by including species-speci"c 
diWerences between human and bovine RBCs [3]. Four years 
later, Ways and Hanahan reported a detailed lipid class com-
position of normal human RBCs, indicating the following 
percentages: cholesterol 25%, choline glycerophosphatides 
30%, sphingomyelin 24%, ethanolamine glycerophospha-
tides 26%, and serine glycerophosphatides 15% [5]. Mean-
while, Farquhar and Ahrens [4] had showed that 67% of the 
PE, 8% of the PS, and 10% of the lecithin of human RBCs are 
in the plasmalogen form, with a vinyl ether linkage at the sn-
1 and an ester linkage at the sn-2 position. In 1967, Dodge 
and Philips described a silicic acid thin-layer chromatog-
raphy strategy to investigate the phospholipid and phospho-
lipid fatty acids and aldehydes in human RBCs [6]. >irty-
three fatty acids and "ve aldehydes were separated and tenta-
tively classi"ed into lipid classes, including phosphatidyl 
ethanolamine (PE), phosphatidyl serine (PS), lecithin, and 
sphingomyelin (SM) 24:0 and 24:1, while fatty acid moieties 
were tentatively attributed. Of note, the values reported by 
Dodge and Philips [6] were consistent with those by Ways 
and Hanahan [5]. Interesting results were obtained also as 
far as it concerned the composition in fatty acid moieties of 
the diWerent lipid classes. About 37% of the total fatty acid in 
PS was 18:0, while only about 3% was 16:0; in PE and leci-
thin, 16:0 was the major saturated fatty acid, with the level in 
lecithin being over twice that in PE. >e relative amount of 
18:1 was also much lower in PS than in PE and lecithin. >e 
fatty acid distribution of sphingomyelin diWered markedly 
from that of the glycerophospholipids (GP), in particular in 
the greater degree of saturation [6]. Only about 33% of the 
fatty acids were unsaturated; in addition, less than 6% of the 
fatty acids appeared to have more than one double bond and 
less than 3% more than two double bonds. >e 16:0, 24:0, 
and 24:1 made up almost 7% of the total fatty acids. Essen-
tially all of the 24:0 and most of the 24:1 of the human RBC 
phospholipids appeared to reside in sphingomyelin. 

DiWerent instrumentations and techniques have been test-
ed for the improvement of lipid analysis. During the last two 
decades, big technological strides have prompted the dissem-
ination of chromatography separation and mass spectrome-
try-based lipidomics studies of RBCs [9-14]. At the dawn of 
the mass spectrometry-based lipidomics era the complexity 
of the lipidome did not enable comprehensive studies like 
the ones performed with thin layer chromatography (TLC) 
or gas chromatography (GC) described in the previous para-
graphs [2-8]. >e expensive instrumentation and the lack of 
bioinformatic tools to handle the high-throughput amount 
of data collected via the mass spectrometry-based workYow 
hampered at "rst its diWusion in the "eld [1]. More recently, 
the introduction of highly accurate and less expensive instru-
ments (in comparison to the ones available decades ago) was 
also paralleled by consistent improvements in the "eld of 

bioinformatic elaboration of the raw mass spectra [1]. >e 
acquired expertise have helped laboratories worldwide to 
cope with the intrinsic di\culties related to lipid mass attrib-
ution and fueled new eWorts to bring about the systematic 
classi"cation of lipid species and structures [19, 20]. >e 
current burgeoning of OMICS disciplines has thus given 
new verve to the "eld of lipidomics research, while enabling 
further steps forward. 

Regarding RBC lipid homeostasis, as premised by Far-
quhar and Ahrens [4], lipid composition of human RBCs is 
largely inYuenced by the diet. In this view, Dougherty and 
colleagues performed an extensive investigation to relate 
region speci"c diets to the lipid content of plasma, platelets 
and RBCs [8]. By comparing RBCs of individuals from rural 
areas in Finland, Italy (province of Viterbo) and the United 
States, the Authors demonstrated how diets largely relying 
on "sh and olive oil consumption (in Finland and Italy, re-
spectively), resulted in a signi"cant decrease (in comparison 
to the US counterparts) in the levels of polyunsaturated fatty 
acids (PUFA), which they relate to the potential production 
of unhealthy prostaglandins (thromboxane and prostacy-
clins) byproducts [8]. Finally, the Authors also noted that in 
all plasma and RBC glycerolphospholipids, the monounsatu-
rated fatty acids (especially oleic acid 16:1 and palmitic acid, 
16:0) were highest in the Italian and the saturated fatty acids 
were highest in the Finnish samples. In this frame, we exploit 
novel databases such as LIPID MAPS and ad hoc so7ware 
suites for mass spectrometry-based metabolomics analyses 
(such as MAVEN [21]) to address the key biological issue of 
the RBC lipidome. Our investigation shares some features 
with the study by Dougherty and colleagues [8], for it was 
performed on RBCs collected from subjects living in the 
province of Viterbo, where olive oil consumption represents 
a central aspect of the diet. We further address the RBC stor-
age issue (from a lipidomic standpoint) as to conclude that 
wider transfusion medicine-relevant studies should be car-
ried out to investigate whether inter-regional donor diWer-
ences might lie upon peculiar RBC lipidomic pro"les, which 
in turn are likely to reYect the heterogeneity of local alimen-
tation regimes across Italy. 

2. Materials and Method 

2.1. Sample collection 

Red blood cell units were drawn from healthy donor vol-
unteers according to the policy of the Italian National Blood 
Centre guidelines (Blood Transfusion Service for donated 
blood) and upon informed consent in accordance with the 
declaration of Helsinki. We studied RBC units collected 
from 10 healthy donor volunteers [male=5, female=5, age 
39.4 ± 7.5 (mean ± S.D.)]. RBC units were stored for up to 42 
days under standard conditions (CDP-SAGM, 4°C), while 
samples were removed aseptically for the analysis on a week-
ly basis (at 0, 7, 14, 21, 28, 35 and 42 days of storage).  
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2.2. Untargeted Metabolomics Analyses 

2.2.1. Metabolite  extraction  

For each sample, 0.5mL from the pooled erythrocyte stock 
was transferred into a microcentrifuge tube (Eppendorf ® 
Germany). Erythrocyte samples were then centrifuged at 
1000g for 2 minutes at 4°C. Tubes were then placed on ice 
while supernatants were carefully aspirated, paying attention 
not to remove any erythrocyte at the interface. Samples were 
extracted following the protocol by D’Alessandro et al. [22]. 
>e erythrocytes were resuspended in 0.15mL of ice cold 
ultra-pure water (18 MΩ) to lyse cell, then the tubes were 
plunged  into a water bath at 37°C for 0.5 min. Samples were 
mixed with 0.6mL of -20°C methanol and then with 0.45mL 
chloroform. Subsequently, 0.15mL of ice cold ultra-pure 
water were added to each tube and they  were transferred to -
20°C freezer for 2-8 h. An equivalent volume of acetonitrile 
was added to the tube and transferred to refrigerator (4°C) 
for 20 min. Samples with precipitated proteins were thus 
centrifuged for 10000 x g for 10 min at 4 °C . 

Finally, samples were dried in a rotational vacuum con-
centrator (RVC 2-18 - Christ Gmbh; Osterode am Harz, 
Germany) and re-suspended in 200 µl of water, 5% formic 
acid and transferred to glass auto-sampler vials for LC/MS 
analysis. 

2.3. Rapid Resolution Reversed-Phase HPLC  

An Ultimate 3000 Rapid Resolution HPLC system (LC 
Packings, DIONEX, Sunnyvale, USA) was used to perform 
metabolite separation. >e system featured a binary pump 
and vacuum degasser, well-plate autosampler with a six-port 
micro-switching valve, a thermostated column compart-
ment. Samples were loaded onto a Reprosil  C18 column 
(2.0mm×150mm, 2.5 µm - Dr Maisch, Germany) for metab-
olite separation.  

For lipids multi-step gradient program was used. It started 
with 8% solvent A (ddH20, 20 mmol L-1 ammonium 
formiate; pH 5) to 6% solvent A for 3 min than to 2% solvent 
A for 35 min and "nally to 100% solvent B (methanol) in 30 
minutes. At the end of gradient, the column was recondi-
tioned with 8% solvent A for 10 min. >e overall run time 
was 68 min. Column oven was set to 50°C and the Yow rate 
was 0.2 mL/min.  

2.4. Mass spectrometry analysis through microTOF-Q 

Due to the use of linear ion counting for direct compari-
sons against naturally expected isotopic ratios, time-of-Yight 
instruments are most o7en the best choice for molecular 
formula determination. >us, mass spectrometry analysis 
was carried out on an electrospray hybrid quadrupole time-
of Yight mass spectrometer MicroTOF-Q  (Bruker-Daltonik, 
Bremen, Germany) equipped with an ESI-ion source. 

MS analysis was carried out in negative ion mode capillary 

voltage 2800V, nebulizer 45 psi and dry gas of 9 l/min, scan 
mode 100-1500 m/z. For sample injection, solutions were 
evaporated to dryness and reconstituted in an adequate vol-
ume of methanol:ethanol 1:1. Lipids extracts were prepared 
by dilution to a concentration of 5 pmol*L-1 ( where total 
phospholipids concentration was 2.5 pmol*L-1). Tandem 
mass spectrometry (MS/MS) is used for glycerophospholipid 
species structural characterization. Unambiguous species 
identi"cation is done by analysis of the retention time and 
fragmentation pattern and through direct comparison 
against the same parameters, as acquired from chemically 
de"ned standards (Avanti Polar Lipids, Inc., Alabaster, Al.), 
in agreement with Ivanova et al. [23]. 

Automatic isolation and fragmentation (AutoMSn mode) 
was performed on the 4 most intense ions simultaneously 
throughout the whole scanning period (30 min per run). 
Calibration of the mass analyzer is essential in order to 
maintain an high level of mass accuracy. Instrument calibra-
tion was performed externally every day with a sodium for-
mate solution consisting of 10 mM sodium hydroxide in 
50% isopropanol, water, 0.1 % formic acid. Automated inter-
nal mass scale calibration was performed through direct au-
tomated injection of the calibration solution at the beginning 
and at the end of each run by a 6-port divert-valve.  

2.5. Data elaboration and statistical analysis 

In order to reduce the number of possible hits in molecu-
lar formula generation, we exploited the in house SmartFor-
mula application of MAVEN [21], which directly calculates 
molecular formulae based upon the MS spectrum (isotopic 
patterns) and transition "ngerprints (fragmentation pat-
terns). >is so7ware generates a con"dence-based list of 
chemical formulae on the basis of the precursor ions and all 
fragment ions, and the signi"cance of their deviations to the 
predicted intact mass and fragmentation pattern (within a 
prede"ned window range of 5 ppm). Triplicate runs for each 
one of the 10 biological replicate at day 0 and over storage 
duration were exported as mzXML "les and processed 
through METLIN/XCMS data analysis so7ware (Scripps 
Centre for Metabolomics) [24] and MAVEN [21]. Mass 
spectrometry chromatograms were elaborated for peak 
alignment (m/zwidth = 0.025, minfrac = 0.5, bw = 5), match-
ing and comparison of parent and fragment ions, and tenta-
tive metabolite identi"cation (within a 20 ppm mass-
deviation range between observed and expected results 
against the imported LIPID MAPS database [20] – annota-
tions included adduct ions in positive ion mode). XCMS and 
MAVEN are open-source so7ware that could be freely used 
or downloaded from their websites (http://
metlin.scripps.edu/download/ and http://genomics-
pubs.princeton.edu/mzroll/index.php?show=download). 
Quantitative variations were determined against day 0 con-
trols and only statistically signi"cant results were considered 
(fold change > 2.5 and ANOVA p-values < 0.01). Data were 
further re"ned and plotted with GraphPad Prism 5.0 
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(GraphPad So7ware Inc.). 

3. Results and Discussion 

HPLC-MS analysis of the RBC lipidome yielded the tenta-
tive identi"cation of a huge number of lipid molecules on 
the basis of accurate intact mass values and retention times 
(RT) (Supplementary Tables 1-5). Results were further vali-
dated against MS/MS feature transitions (fragmentation pat-
terns) for RBC storage time course analyses, where we re-
ported statistically signi"cant variations (p < 0.01 ANOVA) 
of speci"c lipid molecules over storage duration on a weekly 
basis in comparison to day 0 controls (Table 1). >is helped 
coping with the di\culties related to the attribution of fatty 
acid moieties in detected lipids, a problem that hampered 
major translational applications of early MS-based ap-

proaches to the RBC lipidome [9,10]. 
A 2D map overview of the lipid features identi"ed in a 

single run is provided in Figure 1, where compound class 
speci"c separations are indicated according to the estab-
lished nomenclature (fatty acids – FA; glycerolipids – GL; 
glycerophospholipids – GP; sphingolipids – SP; sterols – ST; 
prenols – PR and polyketides – PK). While FA, GL, GP and 
SP eluted rather early (within the "rst six minutes of RT), ST 
"rst and PR or PK displayed higher RTs, consistently with 
their more hydrophobic nature. 

In the following paragraphs, we will detail the major "nd-
ings of the currently proposed investigation through the 
description of the main distinct lipid classes. Results will be 
discussed in the light of existing literature in the "eld. 

3.1. Fatty acids  

Figure 1.  2D map overview of the lipid features identi"ed in a single run compound. Class speci"c separations are indicated according to the 
established nomenclature (fatty acids – FA; glycerolipids – GL; glycerophospholipids – GP; sphingolipids – SP; sterols – ST; prenols – PR and 
polyketides – PK).  
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Fatty acid distribution indicated that palmitic acid (FA 
C16:0 – Figure 2) was the most abundant free fatty acid 
(extended results are reported in Supplementary Table 1). 
>is is also consistent with oldest reports on the RBC fatty 
acid composition available from the literature [5], despite 
the extreme diWerences between the TLC and the HPLC-MS 
analytical approaches. Palmitic acid might be tied to the 
modulation of calcium signaling in RBCs by mediating Ca2+ 
Yuxes via speci"c membrane pores [25], thereby modulating 
RBC survival. 

Among the most abundant individual fatty acids we could 
detect 16:0 (palmitic), 18:0 (stearic), 18:1 (oleic), and 22:6 n-
3 (docosahexaenoic acid), in agreement with previous stud-
ies on fatty acids of erythrocytes obtained from healthy Ital-
ian subjects [26]. Furthermore, octadecadienoic acid (18:2 n-
1,5) had already been reported among the most abundant 

ten fatty acids of RBCs [5]. >e abundance of oleic acid in 
particular was an expected result, since olive oil holds a key 
role in the frame of the Mediterranean diet and, in particu-
lar, in the province of Viterbo (Italy) where blood samples 
were collected from healthy donor volunteers. >e inter-
twinement between oleic acid relative concentrations and 
high olive oil consumption rates had already been postulated 
and demonstrated through TLC approaches [8], and hereby 
con"rmed through MS. 

On the other hand, no previous investigation indicated 
myristic acid (14:0) as one of the most abundant fatty acid in 
RBCs, except for those studies suggesting a role for myristic 
acid supplementation as a substitute of oleic acid in the diet, 
which results in the relative increase of α-linolenic and dox-
osahexaenoic acid levels [27] and alterations of RBC mem-
brane Yuidity [28]. Analogously, heptadecanoic acid (17:0) 
has been proposed as a controversial biomarker for the as-
sessment of energy and macronutrient composition in re-
sponse to speci"c diets [29]. 

Eicosanoids and octadecanoids and their peroxidation 
products (relative abundances are reported in Figure 1) are 
thought to play a role in mediating RBC maturation from 
reticulocytes by promoting the degradation of mitochondrial 
membranes and thus elimination of these organelles [30]. 
Also, eicosanoids serve as substrates for cycloxygenase, 
lipoxygenase and epoxygenase activities, which result in the 
production of pro-inYammatory factors that are associated 
with increased cardiovascular risk and cancer [31]. 

3.2. Glycerolipids and glycerophospholipds 

Relative abundances of RBCs glycerolipids (GL) and glyc-
erophospholipids (GP) are reported in Figure 3 and 4 
(extended results are reported in Supplementary Table 2 and 
3), respectively, whereas the latter class has been further sub-
divided into phosphatidic acid (PA), phosphatidylcholines 
(PC), phosphatidylethanolamines (PE) and phosphatidylser-
ine (PS), in the light of the observed elevated concentrations 
in RBCs. 

Fatty acid incorporation stages into RBC membrane GLs 
and GPs has been long investigated [32-34], indicating high-
er rates for reticulocytes in comparison to adult RBCs 
[35,36]. Indeed, RBC, GL and GP metabolism is a key aspect 
in RBC survival [37], since during their 120 days approxi-
mate lifespan in the circulatory system RBCs shed approxi-
mately 1 microvesicle/h, thus continuously remodeling their 
membrane and its lipid composition. Also, early approaches 
to GP composition of RBCs have been  
purported via TLC [38] indicated a relation of GP composi-
tion with RBC membrane anomalies, such as in the case of 
spheorcytosis [39]. >ese considerations are relevant in the 
light of the incomplete long chain fatty acid synthesizing 
system which characterizes RBCs [40]. >e introduction of 
high-resolution capillary gas chromatography approaches 
recently shed new light on this delicate issue [41], further 
evidencing compositional anomalies of GL and GP in cancer 

Figure 2. Fatty acid distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20].  
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evidencing compositional anomalies of GL and GP in cancer 
patients [42]. 

Our results provide further supporting evidence about 
increased levels of elevated levels of C16:0 and C18:0 fatty 
acids in lyso-PCs from adult RBCs (Figure 4), as previously 
reported with diWerent approaches [8,41,43]. Analogous 
considerations can be made for PE 38:4, PE 40:6 and lyso-PE 
18:0, as well as for PS 38:4 (Figure 4), in agreement with the 
literature [8,43]. In particular, PS 38:4 had been recently 
indicated as the most abundant RBC-speci"c PS, in compari-
son to other blood cell types [43]. Distribution of saturated 
and unsaturated fatty acids in GL and GP was also consistent 
with the literature [5,8,43].  

As expected, compositional diWerences were observed as 
well, which are probably attributable to the diWerent diets of 
the subjects enrolled in the present study in comparison to 
data available from the literature. 

3.3. Sphingolipids, sterols and prenol lipids 

Sphingolipids (SP), among which ceramides (Cer), have 
been recently associated with in vivo and in vitro ageing of 
RBCs [18]. >ough the mechanisms have not yet been fully 
elucidated, sphinogosines and ceramides seem to aWect RBC 
survival by serving as signaling molecules upon acid sphin-
gomyelinase hydrolysis of sphingomyelin into ceramide [44] 
or rather they directly aWect RBC membrane stability by 
forming speci"c pores and thus altering membrane permea-
bility and potential [45]. Ceramide-enriched membrane do-
mains have been indeed associated with hot-cold hemolysis 
[46]. Besides, SP metabolites, including ceramides, sphingo-
sine and sphingosine 1-phosphate have recently emerged as 
a new class of lipid biomodulators also in the extracellular 
space [47]. 

In Figures 5 and 6 we report the relative abundances of the 
top SP, with a focus on ceramides, respectively. Of note, C16 
sphingosine (Figure 5) has been recently reported to be the 
most abundant RBC-speci"c SP [43]. On the other hand, 
while we expected elevated levels of Cer 24:1 and 24:0, in 
agreement with Leidl et al. [43], we could instead observe 
elevated levels of Cer 18:0 and 18:1 in all ceramide subclass 
(Figure 6), which might reYect the relative composition of 
free fatty acid, as mentioned in the previous paragraphs. 

Recent studies have also demonstrated that sphingolipids 
dynamically cluster with sterols to form lipid microdomains 
or ra7s, which function as platforms for eWective signal 
transduction and protein sorting [48]. Sterol pro"ling of 
RBCs is also a powerful diagnostic tool to investigate the 
eWects of total parental nutrition diet supplementation to the 
newborn, a lifesaving therapy in children with intestinal fail-
ure [49]. 

An overview of the most abundant sterol lipids is provided 
in Figure 7, where sterol lipids are reported with their rela-
tive name from the Lipid Maps database [20], owing to the 
impossibility to adapt graphic limitations to the lengthy ex-
tended names of each sterol lipid. However, full details are 
provided in the Supplementary Table 4. 

Prenol lipids are o7en under-investigated class of lipids, 
which are synthesized from "ve carbon isoprene units. Re-
cent lipidomics studies focused on plasma levels of dolichols 
(a group of α-saturated polyprenols characterized by 14 to 24 
isoprene subunits) and ubiquinones (a group of 1,4-
benzoquinones modi"ed with 9-10 repeated isoprene units) 
[50]. However, to the best of the Authors’ knowledge, little is 
known about the composition of prenol lipids in adult RBCs. 

While in Figure 8 we graphed the relative abundances of 
prenol lipids on the basis of their relative molecular formula, 
in Supplementary Table 5 we also provided extended details 
about their common name and abbreviations, according to 
the Lipid Maps database nomenclature [20]. However, fur-
ther dedicated studies are mandatory to shed further lights 
on the relative concentrations and biological functions of 
these molecules within the framework of RBC biology. 

3.4. Red blood cell Lipidomics: application to the storage of 
erythrocyte concentrates 

Figure 3. Glycerolipids distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20]. 
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RBC concentrates for transfusion purposes are routinely 
stored at 2-6°C for up to 42 days, according to international 
standard guidelines [51]. 

Despite decades of substantial improvements in the "eld of 
RBC storage [52], concerns still arise and persist about the 
quality of longer stored RBCs, since it is clearly emerging –at 
least from a biochemical standpoint– that storage progres-
sion corresponds to the accumulation of a wide series of 
RBCs storage lesions [52], as, among others, we could re-
cently document at the morphologic, metabolomics and 
proteomics level [53-55]. On the other hand, lipidomic as-
pects of RBC storage in the blood bank still lie undisclosed. 
Recently, Bosman’s group demonstrated that speci"c treat-
ment with exogenous sphingomyelinases resulted in the ac-
cumulation of ceramides RBC morphological lesions, there-
by mimicking the eWects of long-stored RBCs [18]. Indeed, 
accumulation of ceramides and their metabolites 
(sphingosine and sphingosine 1-phosphate – S1P) might 
promote intrinsic stimuli leading to the exacerbation of age-
ing phenomena in RBCs [18], by altering membrane confor-
mation [45] or mediating speci"c intra- or extra-cellular 
signaling cascades [44]. In this view, it is worthwhile noting 
that plasma S1P mainly originates from erythrocytes, since 
RBCs display alkaline (but not acid or neutral) ceramidase 
activity on D-e-C(18:1)-ceramide [56]. First of all, we wish to 
stress that the most abundant ceramides we could detect in 
control adult RBCs could be catalogued as C18:0 or 18:1 
(Figure 6). Moreover, in the present study prolonged storage 
of RBC was apparently associated with statistically signi"-
cant decrease (p < 0.01 ANOVA) of ceramides (C-8, 
Ceramide d18:1/12:0 and ceramide C-2 – Table 1) a7er three 

weeks of storage, which is a critical 
timespan threshold for the accumulation 
of storage lesions at the biochemical level, 
as we could previously report at the pro-
teomics and metabolomics level [54,55]. 
>ese results are suggestive of a likely 
ceramidase-mediated digestion of 
ceramides, or rather of an alteration of 
the lipid composition of long-stored 
RBCs probably reYecting the membrane 
remodeling occurring over RBC storage 
duration [53]. However, we could also 
observe a decrease in the levels of several 
sphingosines (N,N,N-trimethyl sphingo-
sine, sphingosine, phytosphingosine and 
D-erythro-Sphingosine C-15 – Table 1), 
which did not help us ruling out any de-
"nitive scenario to explain the observed 
phenomena. 
A7er an initial increase (attributable to 
phospholipase activities [57]), prolonged 
storage of RBC concentrates hereby re-
sulted in the progressive statistically sig-
ni"cant (p<0.01 ANOVA) decrease of a 
wide series of fatty acids, prostaglandins 

(such as PGF2α and prostaglandin E2) and fatty acid oxida-
tion products ((1R,2R)-3-oxo-2-pentyl-
cyclopentanehexanoic acid) (Table 1). >is is consistent with 
the reported progressive accumulation of lipid oxidation 
byproducts in the supernatants of long-stored erythrocyte 
concentrate units [17,57]. 

>e initial increase in the levels of diacyl-glycerols (DG) 
and triacyl-glycerols (TG) (Table 1) is di\cult to interpret, if 
not in the light of the need for RBCs to cope with the initial 
free fatty acid accumulation through their sequestering and 
accumulation in the form of DGs and TGs. >is is consistent 
with the hypothesis that, whether a Save or Sacri"ce mecha-
nism is innate in RBCs, as suggested by in silico elaborations 
[58,59], this mechanism is active within the "rst two weeks 
of storage [53-54]. 

Recently, Bicalho et al. investigated the alterations to the 
RBCs phospholipidome by performing a direct comparison 
of fresh RBC phospholipids against the phospholipid com-
position of RBC-shed microvesicles [60]. As a result, the 
Authors could point out the alterations of PS 38:4 and PS 
38:1 composition in fresh controls and RBC-derived mi-
crovesicles [60]. In the present study, while we could con-
"rm previous evidences about PS 38:4 being preponderant in 
RBCs (Figure 4), also in agreement with Leidl et al. [43], we 
could not detect any statistically signi"cant variation as far as 
PS are concerned. On the other hand, we could detect sig-
ni"cant decrease in the levels of two PCs (O-1:0/O-18:0 and 
10:0/18:0 – Table 1), PEs (lyso-PE(0:0/22:2(13Z,16Z)) and 
lyso-PE(0:0/22:2(13Z,16Z)) – Table 1), while PIs followed a 
controversial trend, especially within the "rst two weeks of 
storage. 

Figure 4. Glycerophospholipids distribution obtained by exporting data from mi-
croQtof as mzXML "les and processed through MAVEN by interrogating LIPID MAPS 
database [20].  
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Figure 5. Sphingolipids distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20].  

Figure 6. Ceramides distribution obtained by exporting data 
from microQtof as mzXML "les and processed through MAVEN 
by interrogating LIPID MAPS database [20].  

Figure 7. Steroids distribution obtained by exporting data from 
microQtof as mzXML "les and processed through MAVEN by 
interrogating LIPID MAPS database [20].  

Figure 8. Prenols distribution obtained by exporting data from 
microQtof as mzXML "les and processed through MAVEN by 
interrogating LIPID MAPS database [20].  
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Finally, sterols, prenols, saccharolipids and polyketides 
were hereby investigated for the "rst time within the frame-
work of RBC storage. Intriguingly, all these classes of lipids 
statistically signi"cant decreases throughout storage dura-
tion (Table 1). Most of the observed decreases account for 
sterols (e.g. desmosterol, gorgosterol), and in particular for 
vitamin D3-related metabolites (Table 1). >is is relevant in 
the light of the well-established role for Vitamin D in modu-
lating RBC survival [61], also by inYuencing anti-oxidant 
potential and Ca2+ permeability [62], a phenomenon which 
is strictly tied to erythrocyte-speci"c apoptosis, also known 
as eryptosis [63]. 

On the other hand, earliest studies on the likely long term 
eWect of RBC storage on the lipidome suggested that choles-
terol loss is limited in comparison to the loss of phospholip-
ids and phosphoinositides [64]. Finally, our results about a 
generalized decrease in lipid contents of the major lipid clas-
ses in long stored RBCs also con"rm and expand/
complement recent evidences by Acker’s group [60,65]. 

4. Conclusion 

Despite decades of investigations, the "eld of lipidomics 
recently drained new lymph from the introduction of recent 
technical innovations. From TLC to gas chromatography 
and MS, consolidated lipidomics expertise in the "eld of 
RBC biology has paved the way for a deeper understanding 
of the functioning of this pivotal cell and, in parallel, to the 
accumulation of a wealth of knowledge that will be soon 
transferred to the clinical setting. Indeed, owing to their rela-
tive abundances and widespread biological activities, lipids 
are well suited to play the role of biological markers and will 
soon serve this purpose. 

In this study, we presented an HPLC-microTOF-Q ap-
proach to investigate the RBC lipidome. We could exploit 
this analytical workYow to consolidate existing knowledge 
on the RBC lipid composition and individuate statistically 
signi"cant Yuctuations of lipids throughout storage duration 
of RBC concentrates under blood bank conditions. While 
this "eld of research still warrants future investigations, 
which could be exploiting for example recently introduced 
imaging mass spectrometry approaches [66], we could indi-
cate ceramides, glycerophospholipids and sterols as key tar-
gets of RBC storage lesions to the lipidome, that will deserve 
further targeted investigations in the future. 

Finally, in the light of minor diWerences with other reports 
available from the literature, we posited how compositional 
analyses of the RBC lipidome might end up yielding diWer-
ent results on the basis of the background of the blood donor 
(above all, the diet), which might translate into region-
speci"c lipidomic alterations over storage progression of 
RBC concentrates. >is is relevant in the light of the constant 
eWorts pursued by transfusion services to improve the quali-
ty of blood-derived therapeutics [67], by shi7ing the focus of 
attention from the end-product (RBC concentrates) to their 
providers (the donors). 
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�e number of samples that can be analyzed by (ow cy-
tometry is steadily increasing and recently reached 1536-well 
plate format as a platform for parallel analysis [1]. �e ad-
vent of high-throughput analyses raises the question of e2-
cient sample preservation, both for plain (ow cytometry and 
for cell sorting in combination with other Omics techniques 
in microbiology [2]. With such applications in mind, the 
recovery of whole intact cells a5er storage is essential for 

(ow cytometric analysis and the reliability of this recovery is 
particularly important for long-term experiments. �e pro-
cess of sample preservation consists of two parts, sample 
preparation and sample storage. Here, we de8ne sample 
preparation as a measure to stop cellular activity and prevent 
cells from alteration or decay. Usually relatively harsh meth-
ods derived from histology were used for preparation, com-
monly known as 8xation. For instance, alcohols and alde-
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Abstract 

1. Introduction 

Cell sampling during long-term experiments usually requires reliable storage of cells for later analysis. In this study, we evaluated three diSer-
ent preservation strategies (sodium azide 8xation, deep freezing and vacuum drying) with regard to their eSects on bacterial cells. Pseudomo-
nas putida was used as a model organism and stored for shorter (2 d) and longer periods (28 d). �e impact of the treatments (preservation 
method, duration) was evaluated on the level of single cells using (ow cytometry and on the population level using protein mass spectrome-
try. On the single cell level, the eSect of sodium azide 8xation was found to be small (1.01 ≤ sd ≤ 1.76) for short term and larger for long term 
storage (1.59 ≤ sd ≤ 2.33), as determined by FlowFP 8ngerprinting. In contrast, deep frozen and vacuum dried cells showed properties highly 
similar to fresh reference cells, even a5er extended storage (0.5 ≤ sd ≤ 1.2). On the population level, the mass spectrometric analysis revealed 
about 800 proteins for each sample and storage condition. �e proteome pro8les evaluated by label-free quanti8cation showed that variation 
within functional groups was least for deep frozen and vacuum dried cell samples a5er 2 d (sd log2 relative protein quantity < 1) and margin-
ally increased a5er 28 d. In contrast, sodium azide 8xation caused higher variations between functional groups although the number of de-
tected proteins and the respective peptide coverage excluded protein degradation. In conclusion, deep freezing was found to be the method of 
choice, but simple vacuum drying of cells with storage at 4°C can be a convenient alternative. 

Keywords: Fixation; Cryopreservation; Vacuum drying; Bacteria; Flow cytometry; Mass spectrometry. 

Abbreviations: 

F, fresh; VD, vacuum drying; DF, deep freezing; SAF, sodium azide 8xation; FCM, (ow cytometry; MS, mass spectrometry 



Michael Jahn et al., 2013 | Journal of Integrated Omics 

25-33: 26 

hydes have the advantage of inactivating biohazardous speci-
mens [3]. In general, diSerent 8xation and preparation tech-
niques have diSerent bene8ts and drawbacks, as they change 
the sample in characteristic ways. �e risk of further changes 
caused by subsequent storage until sample analysis is mainly 
determined by the storage time and temperature [4]. �e 
diversity of preparation techniques and storage conditions is 
large, and the choice depends on the kind of analysis samples 
are subjected to. 

�e most widely-used 8xation methods for microbial cells 
are alcohol- or aldehyde-based methods, which mainly work 
via protein cross-linking (aldehydes), cell permeabilization 
and water removal (alcohol) [3, 5]. Although aldehydes per-
mit easy 8xation and storage even at room temperature 
(RT), major drawbacks include alterations of cell morpholo-
gy, cell aggregation, loss of biomolecules and increased auto-
(uorescence [3, 6, 7]. Another chemical preservation meth-
od, which can be also regarded as 8xation, is the use of 
(sodium-) azide, which was proven useful for microorgan-
isms [8, 9]. Azide inhibits the terminal enzyme of the respir-
atory chain and thereby prevents energy production of aero-
bic cells [10-12]. Metal salts like barium, nickel and molyb-
denum in combination with 10% sodium azide proved espe-
cially useful for anaerobic bacteria and provided highly re-
producible cytometric patterns for at least nine days [13, 14]. 
�ese chemical preservation techniques are usually su2cient 
for (ow cytometry, but destructive eSects like protein cross-
linking in case of aldehydes disqualify a method for protein 
mass spectrometry. A method widely used in biobanking is 
cryopreservation by deep freezing (DF) at temperatures be-
low -60°C with addition of a cryoprotective agent, such as 
glycerol or sugars [15-17]. Deep freezing was suitable for 
preservation of methane oxidizing bacteria as tested by (ow 
cytometry [18], but performed poorly for natural microbial 
communities [13]. In the food and pharmaceutical industry, 
drying of bacterial cells by diSerent techniques is used for 
product conservation [19, 20]. Freeze drying, spray drying or 
low temperature (~0°C) vacuum drying were shown to pre-
serve diSerent bacterial strains [21-23], but have not been 
applied in single cell analysis.  

In this study, we compared three diSerent preparation and 
storage procedures suitable for single cell analysis and simple 
enough for standard laboratory application: Sodium azide 
8xation (SAF) followed by storage at 4°C, vacuum drying 
(VD) followed by storage at 4°C, and deep freezing (DF) 
with liquid nitrogen and subsequent storage at -80°C. �e 
bacterial strain Pseudomonas putida was used as model or-
ganism for analysis by (ow cytometry (FCM) and by protein 
mass spectrometry (MS). �e combination of both tech-
niques is promising, as cells with diSerent characteristics can 
be identi8ed and sorted by FCM, and the subpopulation's 
proteome can be analyzed by MS. Subpopulation proteomics 
was already performed for an arti8cial mixture of bacteria 
[24] and for pure cultures of P. putida [2]. Besides MS, FCM 
can also be coupled with other downstream applications like 
RNA isolation [25, 26]. In the presented study, FCM and MS 

were used to evaluate the eSect of the selected preservation 
methods (VD, DF, SAF) on cell characteristics (DNA con-
tent, light scatter) and protein pro8le, respectively, in com-
parison to fresh samples (F). A gate-free similarity 8nger-
printing method was applied for analyzing cytometry data 
[27] and a novel functional clustering algorithm was used for 
comparison of proteome pro8les. 

2. Materials and Methods 

2.1. Bacterial strains and cultivation conditions 

Pseudomonas putida KT2440 (source: DSMZ – German 
Collection of Microorganisms and Cell Cultures) was culti-
vated overnight at 30°C on a rotary shaker (180 rpm) in 
minimal medium (Na2HPO4 6 g/L, KH2PO4 3 g/L, NaCl 0.5 
g/L, NH4Cl 1 g/L, MgSO4 0.5 g/L, CaCl2 15 mg/L, ZnSO4 x 
7H2O 3.6 mg/L, CuSO4 x 5H2O 0.625 mg/L, H3BO3 0.15 mg/
L, FeSO4 x 7H2O 6 mg/L, CaCO3 5 mg/L, MnSO4 x 7H2O 3 
mg/L, CoSO4 x 7H2O 0.7 mg/L) with 2 g/L glucose as sole 
carbon and energy source. A 500-ml shaking (ask with 100 
ml of minimal medium was inoculated with a volume of 
overnight culture corresponding to an initial optical density 
of 0.05 at 600 nm (OD600nm, dcuvette = 0.5 cm). For comparison, 
Escherichia coli DH5α (source: DSMZ) was cultivated over-
night at 37°C on a rotary shaker (180 rpm) in LB medium. A 
500 ml shaking (ask with 100 ml of LB medium was inocu-
lated to an initial OD600nm of 0.05. �e growth of the cells was 
monitored by measurement of OD600nm up to a maximum 
incubation time of 12 h. 

2.2. Cell preparation and storage 

Cells of P. putida were collected every two hours for a total 
of 12 hours a5er inoculation covering all cell cycle stages 
(Figure 1B). For E. coli, cells from the lag and exponential 
growth phases at 0, 1 and 2 hours were used. Samples were 
taken at various time points by centrifugation of up to 2 ml 
cell suspension in a microcentrifuge (Heraeus Fresco 21) for 
5 min at room temperature and 5,000 x g, and the superna-
tant was discarded. For DF, the cells were resuspended in 1 
ml phosphate buSered saline (PBS; 6 mM Na2HPO4, 1.8 mM 
NaH2PO4, 145 mM NaCl, pH 7.2) containing 15 % (v/v) 
glycerol as cryoprotective agent, incubated for 10 min on ice 
and shock frozen in liquid nitrogen for subsequent storage at 
-80°C. For VD, any residual medium was removed and the 
cell pellet was vacuum dried for 30 min at 30°C using a vacu-
um concentrator (N-Biotek Micro-Cenvac). �e dried cell 
pellet was stored at 4°C. For SAF, the cells were resuspended 
in 2 ml 10 % (v/v) sodium azide (NaN3) and stored at 4°C. 

2.3. Cell staining 

Fresh (only P. putida), deep frozen and sodium azide 8xed 
cells were centrifuged for 5 min at RT and 5,000 x g and the 
supernatant was discarded. �e resulting cell pellets as well 
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as VD pellets were resuspended in ice cold PBS by repeated 
pipetting, and the OD600nm was adjusted to 0.05. For DNA 
staining, 1 ml of the cells was harvested by centrifugation, 
and the pellet was resuspended in 1 ml of permeabilization 
buSer (0.3 M citric acid, 5 g/L Tween 20) and incubated for 
10 min on ice. A5er centrifugation the supernatant was re-
moved and the cells were resuspended in 1 ml DNA staining 
solution (0.68 μM 4’,6-diamidino-2’-phenylindole (DAPI), 
0.4 M Na2HPO4) [28] and incubated for at least 15 min at 
RT. Prior to (ow cytometry, cell clusters were removed by 
8ltration using a membrane of 50 μm pore diameter 

(CellTrics, Partec) to prevent clogging of the cytometer noz-
zle. A pumping of DAPI by fresh cells, as reported for several 
nucleic acid stains [29], was not observed. 

2.4. Flow cytometry and data analysis 

Flow cytometry was performed using a MoFlo cell sorter 
(Beckman-Coulter, USA) as described in [24]. �e DAPI 
(uorescence was determined using a multi-line UV laser 
(333–365 nm, 100 mW) for excitation, and emission was 
detected in the FL4 channel (450±30 nm). Prior to all meas-
urements, the instrument was adjusted using (uorescent 
beads and a biological standard. Data were recorded with the 
Summit v4.3 so5ware (Beckman-Coulter) and further ana-
lyzed using the Bioconductor framework for R [30]. �e 
electronic noise was removed (forward scatter, threshold of 
25) to prevent bias of similarity analyses. For better compa-
rability, the dominant peaks of the forward scatter (FSC) and 
DAPI (FL4) channels were normalized (warpSet function, 
variable peak number, grouping on parameter time) using 
the Bioconductor  owStats package [31]. Similarity 8nger-
printing with the FSC and FL4 channels (standard deviation 
method, 8ve recursions) was performed using the FlowFP 
package [27].  

2.5. Identi#cation of proteins by LC-MS-MS 

For proteomics, cells of P. putida KT2440 (three technical 
replicates) were harvested a5er 8 h of growth and either 
stored as described above or directly prepared for MS by 
resuspension in 2 ml PBS. �e cell number was determined 
using (ow cytometry and a sample volume corresponding to 
1 x 108 cells was harvested by centrifugation and resuspend-
ed in 25 µl 25 mM ammonium bicarbonate buSer 
(NH4HCO3, pH 7.8) with 1 µl acetonitrile and 5 µl of trypsin 
(0.25 μg/µl, Promega, Madison, USA) for proteolytic diges-
tion. �e samples were incubated over night at 37°C with 
continuous shaking (180 rpm) and the digestion was stopped 
by addition of formic acid (FA, 0.1 % (v/v) 8nal concentra-
tion). Cell debris was removed by centrifugation for 10 min 
at 13,000 x g and RT and the supernatant was transferred to 
a fresh 0.5 ml-tube. Samples were stored at -20°C until anal-
ysis. �e peptide solution was then puri8ed using the ZipTip 
protocol (Millipore, Bedford, USA), dried using a vacuum 
concentrator and the remaining peptides resuspended in FA. 
�e solution was sonicated in a water bath for 5 min prior to 
injection. Peptides were separated and measured by a high-
pressure liquid chromatography (nano-UPLC) system (nano
-Acquity, Waters) coupled to an LTQ Orbitrap XL mass 
spectrometer (�ermo Fisher Scienti8c, Bremen, Germany) 
as described in [32]. Continuous scanning of eluted peptide 
ions was carried out between 300-1600 m/z, automatically 
switching to MS/MS CID mode on ions exceeding an inten-
sity of 3000. 

�e retrieved raw data were analyzed by MaxQuant 
(version 1.2.2.5) [33] with the genome sequence of P. putida 

Figure 1. Experimental design of the study. (A) Bacterial cul-
tures were grown in shaking (asks, samples were taken at diSerent 
time points and prepared for storage by vacuum drying (VD), deep 
freezing (DF) and sodium azide 8xation (SAF). �e samples were 
stored for 2 d or 28 d and then analyzed by (ow cytometry and 
mass spectrometry. Fresh samples (F) were directly analyzed and 
served as reference. (B) Growth of P. putida KT2440 was moni-
tored by optical density measurement (OD600nm, dcuvette = 0.5 cm) 
and covered lag phase (a), exponential (b), early stationary (c) and 
stationary (d) growth phase. Samples for (ow cytometry were tak-
en every 2 h (▼) and for mass spectrometry at 8 h of growth (▼).  
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KT2440 as the database. �e MaxQuant settings can be 
found in more detail in supplementary Table S1. �e label-
free quanti8cation (LFQ) values were used for protein quan-
ti8cation and can be found in supplementary Table S3. For 
peptide mapping, the original mass spectra were further ana-
lyzed by �ermo Discoverer (v.1.2.0.208), Mascot (v 2.3) and 
the NCBInr database (as of February 2013) with a restriction 
to sequence entries of P. putida KT2440 (available in supple-
mentary Table S4). 

2.6. Proteome mapping 

�e mean and standard deviation of the obtained LFQ 
values were calculated for each triplicate. �e relative protein 
quantity was calculated as ratio of the protein quantity of the 
respective stored sample to the fresh sample (F). To add bio-
logical information to the detected proteins, their subcellular 
localization was predicted in silico by PSORTb v3.0 [34]. 
Furthermore, proteins were annotated using the KEGG 
BRITE functional hierarchy for P. putida KT2440 (http://
www.genome.jp/kegg-bin/get_htext?ppu00001.keg, [35]), 
adding four hierarchical levels (here called 'system', 'process', 
'pathway' and 'protein'). Sunburst treemaps were created 
using a custom recursive function in R (supplementary in-
formation S2). 

3. Results 

3.1. Cell preparation and storage 

�e in(uence of preservation method and storage time on 
the stability of bacterial cells was investigated. To this end, 

three diSerent cell parameters (FSC, SSC and DNA content) 
were selected as indicators and analyzed by FCM. Likewise, 
the protein pro8le of the same samples was analyzed by MS. 
Samples of P. putida KT2440 were taken at various time 
points during batch cultivation. Hence, the cells display a 
diSerent morphology, DNA content and possibly also sensi-
tivity to preparation methods due to various growth stages. 
At every time point, cells were either directly analyzed by 
(ow cytometry (fresh, F) or a5er preservation by VD, DF or 
SAF as depicted in Figure 1A. Since VD has not been used 
for cell preservation in cytometry before, the method was 
optimized regarding drying temperature and duration. Out 
of three diSerent drying durations (10, 30, 60 min) and two 
temperatures (30°C, 60°C), the most distinct distribution 
(FSC, DNA) was obtained at 30°C for 30 min 
(supplementary Figure S1). Likewise, DF was tested with 15 
and 50 % (v/v) glycerol in PBS as a cryoprotective agent, but 
no diSerence was observed (supplementary Figure S2). 

3.2. Analysis of  ow cytometric pattern similarity 

Samples of P. putida KT2440 from seven time points were 
prepared by four diSerent methods (F, VD, DF, SAF) and 
either directly analyzed (F) or stored for 2 d and 28 d (VD, 
DF, SAF). �e light scattering and DNA content of the cells 
were analyzed by (ow cytometry (Figure 2A). �e side scat-
ter signal showed no remarkable diSerences between sam-
ples and was disregarded for similarity analysis. Predomi-
nantly, the FSC signal showed a unimodal distribution, 
which shi5ed according to the growth of the cells. �e cellu-
lar DNA content changed during cultivation, ranging from a 
single chromosome equivalent (C1n) to two or more copies 

Figure 2. Similarity analysis of stored P. putida KT2440 cells using (ow cytometry. �e cells were either directly analyzed (F) or pre-
pared by vacuum drying (VD), deep freezing (DF) and sodium azide 8xation (SAF) and stored for 2 d or 28 d. (A) Histograms of forward 
scatter (FSC, upper panel) and DAPI (uorescence (FL4, lower panel) a5er 0-12 h of incubation. (B) Similarity 8ngerprint of stored samples 
in comparison to the fresh sample (F). Given is the standard deviation sd as index for bin diSerences, which increases with increasing dissim-
ilarity. �e retrieved sd values for each method are summarized in a box plot. 



JIOMICS | VOL 3 | ISSUE 1 | JUNE 2013 | 25-33 

25-33: 29 

(≥ C2n). �e DNA pattern of the stored samples was highly 
similar to the fresh samples for VD and DF, but SAF treated 
cells showed a certain proportion of cells below the C1n peak 
a5er 2 d, which further increased a5er 28 d of storage. To 
quantify similarity of (ow cytometric patterns a 8ngerprint-
ing method (FlowFP) was employed, involving FSC and 
DNA (Figure 2B). It is based on a probability binning algo-
rithm, which constructs a model from a reference sample 
based on the distribution of events in it. Here, the respective 
fresh sample (F) of each time point served as the reference 
sample. �is is then compared to the stored samples yielding 
an index for similarity, the standard deviation of bin diSer-
ences (sd). It is 0 for identical samples and increases with 
increasing dissimilarity. �e sensitivity limit of the method 
was determined by comparison of two virtual halves of the 
same sample F, yielding an sd ≤ 0.25 (supplementary Figure 
S3). An equal similarity to the fresh reference sample was 
found for VD and DF (0.5 ≤ sd ≤ 1.2, Figure 2B) independ-
ent of the storage duration. Samples stored by SAF were less 
similar a5er 2 d (1.01 ≤ sd ≤ 1.76) and particularly a5er pro-
longed storage of 28 d (1.59 ≤ sd ≤ 2.33). �e growth phase 
of P. putida had only a small in(uence on the similarity to 
the reference sample. For comparison, a similar experiment 
was conducted using another bacterial strain, E. coli DH5α. 
In contrast to P. putida, cells of the exponential growth 
phase were more amenable to alteration than lag phase cells 
(supplementary Figure S4). Furthermore, the deleterious 
eSect of SAF was much less pronounced for E. coli than for 
P. putida. 

3.3. Identi#cation of proteins by MS 

Flow cytometry is a powerful application for analysis and 
sorting of cells, and can be readily combined with other 
downstream applications such as proteomics. However, the 
storage of cells until sorting may in(uence their protein pro-
8le. �erefore, we tested the ability of the selected methods 
(DF, VD, SAF) to preserve the protein composition of P. 
putida cells for two time periods (2 d, 28 d). Cell samples were 
acquired at the early stationary growth phase (8 h) and either 
stored, or instantly analyzed serving as the reference (F). �e 
cellular proteins were analyzed by shotgun mass spectrome-
try with label-free quanti8cation. A total number of 971 
diSerent proteins was detected across all samples, with a 
range of 793 to 858 diSerent proteins present in at least one 
replicate per single sample (Figure 3A). �e number of pro-
teins common to all samples was 751 (intersection, IS), indi-
cating comparably good protein recovery for all preservation 
techniques, although the number of recovered proteins 
across replicates varied by each method (supplementary Fig-
ure S5). Particularly, samples stored for 28 d with VD and 
SAF showed a reduced number of detected proteins per rep-
licate as low as 611 and 713, respectively. Overall, the ob-
tained coverage was in the range of other MS based studies 
for P. putida, which found 604 to 2383 diSerent proteins [36
-39]. Here, the 971 identi8ed proteins showed a diSerent 
distribution in theoretical subcellular localization (as deter-
mined in silico by PSORTb) compared to the 5350 proteins 
annotated at www.pseudomonas.com (Figure 3B). For in-
stance, the proportion of cytoplasmic proteins was higher for 

Figure 3. Proteins detected by mass spectrometry a5er storage of P. putida KT2440 cells. (A) Number of unique proteins present in at 
least one replicate per sample for fresh (F), vacuum dried (VD), deep frozen (DF) and sodium azide 8xed cells (SAF). �e intersection (IS) 
denotes the number of proteins common in all samples. (B) Subcellular localization of all 971 detected proteins in comparison to 5350 pro-
tein encoding sequences in the P. putida database (www.pseudomonas.com). A subset of the identi8ed proteins was mapped to 866 functions 
by KEGG BRITE, compared to 2531 functions of all annotated proteins. 
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the experimental data (63 % instead of 45 %), whereas the 
proportion of inner membrane localized proteins was small-
er (15 % instead of 23 %). To gain a deeper insight into the 
nature of the identi8ed proteins, 463 out of 971 unique pro-
teins were assigned to 866 functional annotations using the 
KEGG BRITE database (Figure 3B), which comprised a total 
of 1494 unique proteins assigned to 2531 functional annota-
tions for P. putida KT2440. �e clustering of proteins ac-
cording to the second highest hierarchy level (here called 
'process') with 19 subgroups illustrates the over-
representation of detected proteins in carbohydrate, energy 
and amino acid metabolism. An under-representation was 
observed for proteins involved in membrane transport, sig-
nal transduction and cell motility. 

3.4. Protein pro#le similarity of stored samples 

Besides the number of proteins identi8ed per sample, the 
relative quantity of the detected proteins was taken into ac-
count to test the impact of the three preservation methods 
on cell protein composition. �erefore, we investigated if 
certain functional clusters of proteins were more prone to 
alteration than others. �e hierarchical annotation by KEGG 
BRITE was used to arrange proteins according to the top 
three out of four hierarchical levels ('system', 'process' and 
'pathway'). Protein clusters were drawn as a sunburst 
treemap (Figure 4), where each layer of the treemap repre-
sents one hierarchical level, starting with the broadest level 
as innermost layer ('system') and ending with the most de-
tailed layer at the surface ('pathway'). �e width of a sector 
corresponds to the number of proteins within the functional 
group, and the color represents the standard deviation of the 

log2 relative protein quantity (sd), with the fresh sample (F) 
as reference. For example, a yellow or red color indicates a 
high sd and therefore a higher or lower quantity of (some) 
proteins in a group, compared to the proteins of the fresh 
sample. �us, storage-induced variations aSecting only cer-
tain functional groups can be easily spotted. �e variation 
was small within the most groups for VD and DF samples 
(sd < 1), although the pathways for methane, glycine, py-
ruvate and glyoxylate metabolism as well as xenobiotics bio-
degradation showed increased variations (1.2 ≤ sd ≤ 2.0 ). 
�e storage time of 2 or 28 d had no signi8cant in(uence on 
the protein pro8le. However, a stronger overall variation was 
displayed by SAF treated samples already a5er 2 d of storage. 
A5er 28 d the variation was further increased for proteins 
involved in oxidative phosphorylation, protein export, ABC 
transporter and sulfur and lysine metabolism (1.8 ≤ sd ≤ 
2.2 ). �e variation in protein quantity within functional 
groups is an indicator for the impact of the preservation 
method. To further elucidate the cause for this variation, we 
analyzed the peptide coverage obtained by MS for 60 select-
ed proteins of diSerent chain lengths across samples 
(supplementary Figure S6). For these 20 largest, 20 smallest 
and 20 proteins of medium polypeptide chain length, the 
peptide coverage was very similar for all samples and no 
decay at the termini was observed. �is 8nding suggests, that 
degradation of proteins was not the cause for the deviating 
protein pro8le of SAF cells in comparison to DF and VD 
cells. Furthermore, even a slightly increased number of pep-
tides was detected for the SAF treated cells a5er 28 d com-
pared to the 2 d stored cells. For VD, the eSect was inverse 
with fewer peptides detected a5er 28 d compared to 2 d. 

Figure 4. Functional clustering of proteins derived from cell samples prepared by VD, DF and SAF and stored for 2 d and 28 d. �e sun-
burst treemaps represent 463 proteins mapped to functional groups using KEGG BRITE for visualization of sample variation. Treemaps con-
sist of three hierarchically ordered layers (‘system’, ‘process’, ‘pathway’) with the most general (‘system’) being in the center. Each sector rep-
resents a group, with sector width encoding the number of proteins n and color encoding standard deviation of the log2 relative protein 
quantity (sd), compared to the reference (fresh cells, F). �us, a gray color represents low variation in protein quantity and a yellow or red 
color a high variation.  
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4. Discussion 

In this study, we tested three diSerent preservation tech-
niques (VD, DF, SAF) for bacterial cells with respect to their 
in(uence on sample integrity. �ese methods were selected 
for speed, simplicity, and omission of organic solvents. �e 
eSect of short-term and long-term storage was compared 
using P. putida as model organism. �e two techniques used 
here –FCM and MS– are state-of-the-art for the analysis of 
microbes by addressing one speci8c Omics level each, name-
ly cytomics and proteomics. �e combination of both tech-
niques can be used to obtain a detailed picture of the cellular 
protein interior for diSerent subpopulations, as was recently 
shown for microorganisms [2, 24]. However, this kind of 
experiments requires the reliable preservation of cell samples 
before FCM and MS are applied. Using cytometry, we found 
VD and DF to preserve scatter characteristics and DNA con-
tent equally well, with high similarity to fresh cells even a5er 
long term storage (28 d). Based on the results for P. putida, a 
threshold of sd = 1.5 can be considered appropriate for indi-
cating high sample similarity, as measured by FlowFP 8nger-
printing (Figure 2). �e similarity of SAF samples was gener-
ally lower, mainly due to diSering DNA patterns of the cells. 

Likewise, the protein pro8le of VD and DF samples for P. 
putida showed higher similarity to the fresh sample than that 
of SAF samples as determined by MS. Interestingly, the pep-
tide coverage of 60 selected proteins showed no decreased 
numbers of detected peptides for SAF, but even a slight in-
crease a5er prolonged storage (28 d). A possible cause for 
this may be that the three dimensional structure of proteins 
is disturbed or unfolded over time due to the high concen-
tration of sodium azide salt. Depending on the nature of the 
used salt, cellular proteins may be more amenable for whole 
cell tryptic digestion under such conditions [40]. Neverthe-
less, the increase of peptide recovery over time is not a desir-
able eSect, since it might in(uence the comparability be-
tween samples. Regarding VD and DF, the higher similarity 
to fresh cells in proteome pro8les was also re(ected on the 
level of peptide coverage. Most likely, the absence of an 
aqueous environment (VD) and the very low temperature 
(DF) preserves protein structure more eSectively. 

However, functional clustering revealed that proteins of 
speci8c pathways are more prone to alteration than others, 
and these pathways coincided for VD and DF (e. g. glycine 
and pyruvate metabolism). Similar results were found in a 
proteomic study with human cells, where protein degrada-
tion during cold storage aSected not all proteins in a sample 
and not all sample types equally [41]. Furthermore, the num-
ber of detected proteins in two of three replicates of VD and 
SAF was considerably lower a5er 28 days of storage, point-
ing towards the superiority of low storage temperatures (-80°
C) over moderate ones (4°C). �e loss of culturability of 
stored bacteria in relation to elevated storage temperature or 
time is a known phenomenon, both for freeze-dried and 
deep-frozen cells [15, 17, 20]. But little is known about the 
integrity of biomolecules in whole cells, when stored at 

diSerent temperatures. What was shown at least, is the bene-
8cial eSect of deep storage temperatures (≤ -80°C) on pro-
tein stability for already isolated protein extracts [41, 42]. 

Most storage procedures for whole cells are optimized for 
biobanking, aiming at resuscitation of cells a5er storage. For 
this purpose, cryopreservation procedures like deep freezing 
and freeze drying may be the most important preservation 
methods [4]. But not every specimen is equally cryotolerant. 
Some microbial genera like Helicobacter or Neisseria are 
notoriously di2cult to freeze or to recover [4] and complex 
microbial communities may require a completely diSerent 
treatment (anaerobic sampling, metal ion treatment) for 
stabilization [13]. Moreover, the preservation of cells for 
single-cell analysis or for resuscitation are two diSerent ob-
jectives, and the chosen technique is not necessarily suitable 
for both. However, cryopreservation is a preferred option, as 
the majority of cells is cryotolerant and the required equip-
ment is aSordable even for small laboratories [4]. �e stor-
age temperature for cryopreservation should preferably be 
lower than -20°C, which was reported to result in degrada-
tion of serum proteins compared to -80°C [42]. If storage 
capacities at -80°C are limited, alternatives like freeze drying 
and low temperature vacuum drying may be considered [22, 
23], �e vacuum drying procedure applied here preserved 
the cellular DNA content, light scattering properties, and 
protein pro8le with similar e2ciency as deep freezing. It 
requires neither chemical treatment nor other technical 
eSort than a generic vacuum concentrator, and storage of 
dried cells can take place at 4°C.  

Whichever technique is chosen, it is necessary to test the 
applicability of the desired work (ow to the target organism. 
�e bacterial species covered here are not representative for 
all bacterial genera, but are commonly used in biotechnolo-
gy. �e presented preservation methods are intended for the 
use in sub-population proteomics, a combination of (ow 
cytometric cell sorting and protein mass spectrometry re-
cently applied for microbes [2, 24, 43]. As the process of cell 
sorting may impose further stress on recovered cells and 
change protein abundances independent of storage, it was 
omitted here. However, the results of this study may be of 
interest for other analytical disciplines as well. Regarding 
(ow cytometry for instance, other markers such as (uores-
cent proteins are o5en used and their function should be 
conserved by DF [2]. Proteins, however, belong to the more 
stable biomolecules. And although more 'delicate' biomole-
cules such as RNA could be stronger aSected by unfavorable 
storage conditions, the 8ndings of this study may very well 
apply to these biomolecules as well. 

5. Conclusions 

�ree diSerent methods for the preservation of bacterial 
cells –vacuum drying (VD), deep freezing (DF), sodium az-
ide 8xation (SAF)– were evaluated using (ow cytometry and 
protein mass spectrometry. Cells of P. putida were stored for 
2 d and 28 d and the similarity to a fresh reference sample 
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quanti8ed by cytometry 8ngerprinting and proteome pro8l-
ing. Both DF and VD ensured high agreement between 
stored and fresh samples as analyzed by (ow cytometry, 
whereas SAF samples showed reduced similarity. Further-
more, 971 diSerent proteins were identi8ed across all sam-
ples, and 463 of these proteins were functionally clustered 
and revealed susceptibility of certain protein groups to alter-
ation, depending on the preservation method. Overall, most 
of the functional groups displayed low variation in protein 
quantity for VD and DF samples, but high variation in case 
of SAF, particularly a5er 28 d. Interestingly, no peptide de-
cay — for example at the protein termini — was found for 
SAF but rather an increase in peptide coverage. We assume, 
that the protein structure is made more amenable for trypsin 
digestion by the action of sodium azide. Nevertheless, DF 
and VD are recommended for use in (ow cytometry and 
further downstream applications like protein mass spec-
trometry, whereas SAF should be avoided for P. putida. 

6. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/115/0. 
Supplementary Material includes Figures S1 (Evaluation of 
vacuum drying (VD) conditions for P. putida KT2440 using 
(ow cytometry), S2 (Evaluation of deep freezing (DF) condi-
tions for P. putida KT2440 cells using (ow cytometry), S3 
(Internal variation of identical samples when using FlowFP 
8ngerprinting [27]), S4 (Test of diSerent storage methods 
for E. coli DH5α using (ow cytometry), S5 (Variability of 
protein number and quantity across replicates as identi8ed 
by mass spectrometry) and S6 (Peptide coverage of selected 
proteins). Supplementary material further includes S1 for 
MaxQuant settings, S2 for the R treemap function, and ta-
bles S3 and S4 for the list of detected proteins by MaxQuant 
and by �ermo Discoverer/Mascot, respectively. 
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Genomics has provided an invaluable toolkit to aid in the 
understanding of organism responses to environmental 
changes at all levels of biological organization, from molecu-
lar to organismal. In this respect, proteomic and tran-
scriptomic analyses are complementary approaches. Whilst 
much variation in mRNA expression is biologically mean-
ingful, protein expression is more likely to determine the 
phenotype of an organism [1]. In fact the proteome, the full 

complement of proteins expressed by the genome of a cell, a 
tissue or an organism at a speci4c time point [2], can be re-
garded as a molecular phenotype [3] as changes in protein 
expression patterns will have a direct e6ect on organismal 
physiology and 4tness [4]. 7e analysis of the proteome can 
therefore be an invaluable method to advance our under-
standing of the mechanisms underlying phenotypic respons-
es to environmental change in ecologically relevant species. 
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Abstract 

1. Introduction 

7e proteome can be regarded as a molecular phenotype, as changes in protein expression patterns have a direct e6ect on organismal physi-
ology and 4tness. 7e analysis of the proteome can therefore be an invaluable tool for our understanding of the mechanisms underlying phe-
notypic changes in response to environmental change. However, proteomic studies on thermal stress in marine species have mainly focused 
on heat shock protein expression, and little information is available for other components of the cellular stress response. 7is is particularly 
limiting for Antarctic species, which can lack the ability to induce heat shock protein expression in response to experimentally induced heat 
stress. 7e present study analysed changes in protein expression patterns in the Antarctic clam Laternula elliptica aMer exposure to elevated 
temperatures using two dimensional gel electrophoresis and mass spectrometry. Acute exposure to elevated temperatures had an e6ect in 
global protein expression patterns, suggesting that L. elliptica has the capacity to alter protein expression in response to heat stress. Changes 
in the expression of 14 proteins out of 264 analysed were observed in response to di6erent levels of heat stress. Four of the 14 proteins had 
database matches and were identi4ed as the cytoskeletal protein tubulin and associated chaperone TCP-1, and the enzymes enolase and alde-
hyde dehydrogenase, part of the minimal stress proteome and involved in redox regulation.  

Keywords: 7ermal stress; Proteomics; Two-dimensional gel electrophoresis; Antarctic invertebrates. 

Abbreviations: 

 

CSR, Cellular stress response; HSPs, heat shock proteins; ANOVA, analysis of variance; AIC, Akaike information criterion; REML, 

Restricted Maximum Likelihood; FDR, false discovery rate; TCP-1, T-complex polypeptide-1; GST, Glutathione s-transferase. 
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However, the main thrust of discovery-driven genomics and 
particularly proteomics work is oriented towards well-
known model species. In ecologically relevant non-model 
species, a greater number of investigations on the mecha-
nisms underlying phenotypic change have focused on the 
transcriptome. Recent work has demonstrated that new hy-
potheses can be tested in proteomics studies in non-model 
organisms, opening the possibility of “addressing old prob-
lems, from a new perspective” (reviewed in [5]). 7e present 
paper demonstrates the application of an exploratory prote-
omics approach in the study of the physiologically important 
stress response in a non-model Antarctic species. 

Non-lethal heat shock results in the activation of the cellu-
lar stress response (CSR), a proposed universal response 
which comprises a series of biochemical changes aimed at 
maintaining homeostasis [6]. 7is mechanism protects cells 
from sudden Ructuations in the environment, and ultimately 
reacts to the threat of macromolecular change [7]. Some of 
the best understood components of the CSR are heat shock 
proteins (HSPs), which play a housekeeping role in the nor-
mal functioning of the cell, but are best known for being 
important molecular mechanisms of stress tolerance [8]. 
Proteomic studies of thermal stress in marine organisms 
have thus mainly focused on the expression of HSPs, using 1
-DE or 2-DE (for a review of proteomic studies in the ma-
rine environment see [9]). 7e expression of the inducible 
HSPs in the presence of a thermal challenge has been identi-
4ed in most species studied to date, leading to the proposal 
of a universal response. However, some Antarctic species 
have been found to be an exception (reviewed in [10]) and 
while others are able to induce HSP expression in response 
to elevated temperatures [11], the experimental induction 
temperature of the inducible form of HSP70 in these animals 
is in excess of +8°C, a temperature never experienced in the 
Antarctic marine environment. Whilst some other compo-
nents of the CSR may be present in Antarctic species, infor-
mation is currently very limited, and it is possible that other 
mechanisms di6er. Exploratory proteomics approaches, 
which look at a large number of proteins at any one time of 
which no a priori knowledge is needed, will likely aid in the 
identi4cation of such mechanisms.  

In the Antarctic marine environment, much work has 
been conducted on the clam Laternula elliptica (King and 
Broderip), a keystone species of the Antarctic marine ecosys-
tem [12,13]. As a highly abundant infaunal 4lter-feeder, it 
plays a signi4cant role in benthopelagic coupling [13,14]. It 
is a relatively large mollusc, growing over 100 mm in shell 
length [15] and this, allied to its abundance and experi-
mental tractability, makes it an attractive candidate for un-
derstanding Antarctic marine ectotherm responses to envi-
ronmental perturbation. L. elliptica is also one of the most 
thermally sensitive species studied [16-18]. It su6ers 50% 
failure in its ability to burrow, an essential biological activity, 
under acute exposure at 2–3 °C, and complete loss at 5°C. L. 
elliptica moves vertically in the sediment during normal activ-
ity cycles, and needs to rebury when ploughed from the sedi-

ment by ice disturbance, hence the ability to bury is consid-
ered an essential biological function [19]. 7e upper lethal 
temperature was estimated around 9°C when animals were 
warmed at a rate of 1–2°C per week [16]. Much of the work 
carried out to study the response to elevated temperatures in 
L. elliptica initially concentrated on physiological responses. 
7is has identi4ed the thermal limits and changes in metab-
olism in response to temperature and oxygen availability 
[16,17,20]. Other temperature related studies included inves-
tigations on burrowing capacity [19], seasonal energetics 
[21], lipid radical [22] and reactive oxygen species genera-
tion [23]. Molecular analyses included the study of HSP ex-
pression [11,24], and the study of antioxidant systems with 
the characterization of a glutathione s-transferase (GST) [25] 
and two peroxiredoxin genes [26]. More recently, a microar-
ray was developed to study gene expression changes on indi-
viduals exposed acutely to elevated temperatures [27]. 7is, 
together with a 454 sequencing project [28] have signi4cant-
ly increased the genomic resources available for this species. 
At the protein level, an investigation of the e6ect of thermal 
stress on antioxidant defense systems using enzyme assays 
has been carried out [29]. To our knowledge, there are cur-
rently no studies on global patterns of protein expression in 
this species and the techniques used in the present study 
have not been applied to this, or any other Antarctic marine 
invertebrate. 

In the present study, the proteome of the Antarctic clam 
Laternula elliptica was analysed by two dimensional gel elec-
trophoresis (2-DE) and mass spectrometry (MS) aMer expo-
sure to elevated temperatures in vivo. Changes in protein 
expression patterns in response to di6erent levels of heat 
stress were analysed with the aim of i) determining whether 
exposure to elevated temperatures has an e6ect of protein 
expression and ii) identifying proteins associated with the 
stress response, which may be candidates for stress bi-
omarkers in this species, a representative example of Antarc-
tic marine ectotherms.  

2.Material and Methods 

2.1. Sample collection 

L. elliptica specimens were collected by scuba divers at a 
depth of 10-18m in February 2006 at North Cove, Rothera 
Point, Adelaide Island, Antarctic Peninsula (67°34’07”S, 68°
07’30”W) and shipped to the British Antarctic Survey facili-
ties in Cambridge, UK. 7e animals were allowed to accli-
mate for four weeks in a closed water system at water tem-
perature and salinity of 0±0.5°C and 34±1 p.p.t. respectively. 
A marine microalgae concentrate (Nannochloropsis, Reed 
Mariculture) was added to the water on a weekly basis. All 
necessary permits were obtained. 7is work was approved by 
the British Antarctic Survey ethics review committee and 
meets the requirements of UK legislation. All work on living 
organisms was conducted under the Antarctic Act (1994) 
Section 3 permit issued by the UK Foreign and Common-
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wealth O[ce. No endangered or protected species were 
used. 

2.2. Heat shock experiments 

At the end of the acclimation period, a control and two 
heat shock experiments were performed at 0, 3 and 9°C as 
described in an earlier transcriptomic study [27]. BrieRy, 
seawater temperature was raised gradually from 0˚C to 
3˚C±0.5˚C or 9˚C±0.5˚C over a 12 h period, aMer which the 
animals were leM in contact with a sand surface to allow 
them to burrow. 7e temperature was maintained at a con-
stant value for 12 h. Treatment temperatures were selected 
based on previous studies [19] where L. elliptica was shown 
to su6er 50% failure in essential biological activities 
(burrowing) at 3˚C and survive only a few days at 9˚C. 7e 
ability to burrow is therefore a measure of the physiological 
status in this species, thus animals at 3°C were allowed to 
bury to determine whether di6erences observed at the or-
ganismal level could be detected at the molecular level. Im-
mediately aMer the treatment, the number of buried animals 
was noted, individual animals were dissected and samples 
from mantle tissue were taken, snap frozen and stored at -
80ºC. 7e procedure was repeated for a control group, for 
which seawater temperature was maintained constant at 
0˚C±0.5˚C.  Approximately 90% of the animals reburied at 
0°C, 25% at 3°C and none at 9°C (n = 10, 20 and 10 for 0, 3 
and 9°C respectively). Animals exposed to 3°C were divided 
into two groups named 3°C buried and 3°C not buried. No 
mortalities were recorded. 7e choice of mantle material was 
based on previous work which showed that this tissue was 
one of the most responsive to heat challenge [11] and it also 
allowed for direct comparisons with a previous gene expres-
sion analysis carried out in the same population, tissue and 
experimental condition [27].  

2.3. Experimental design for 2-DE 

Six 2-DE gels could be run at the same time in the electro-
phoresis chamber. 7is inRuenced the design of the experi-
ment. Six independent biological replicates (i.e. six individu-
al animals) were used per treatment, with the exception of 
the 3°C buried treatment where only 4ve replicates were 
available (i.e. only 4ve animals buried during the 3°C expo-
sure period). A subset of all biological replicates was run 
more than once to generate technical replicates, which al-
lows estimation of experimental variation due to the tech-
nique itself. Eight out of the total 23 animals across treat-
ments were run on more than one gel to generate technical 
replicates. In order to determine whether there was a batch 
e6ect, replicates were run on the same day and on di6erent 
days (i.e. same or di6erent batches of six gels, the maximum 
allowed by the chamber). Animals 13, 15 and 19 were run on 
two di6erent days, and animals 1, 7, 9, 17 and 23 were run 
twice within a day and again on a separate day, permitting 
one within day and two between day estimates. 

2.4. Preparation of protein mixtures 

Approximately 30 mg of mantle tissue was crushed in N2

(l) with pestle and mortar, and the powder homogenised in 
700 μl lysis bu6er (7 M urea, 2 M thiourea, 4% CHAPS, 3% 
DTT and 2% IPG ampholytes) with a sonicator (Branson 
digital sonicator 250). AMer centrifugation at 4ºC for 30 min 
(15000g), the pellet was discarded and the supernatant 
stored at -80ºC. Protein concentrations were measured with 
a 2-D Quant Kit (GE Healthcare) and a total of 90 µg (for 
analytical gels) or 300 µg (for preparative gels) of protein 
from each individual was cleaned using a 2-D Clean-Up Kit 
(GE Healthcare) to remove interfering substances (salt or 
charged detergents) for the 4rst dimension isoelectric focus-
ing (IEF).  

2.5. 2-DE electrophoresis, silver staining and image analysis 

7e 4rst dimension, isoelectric focusing (IEF), was carried 
out on immobilized pH gradient strips (pH 3-10NL/24cm, 
GE Healthcare) with a horizontal electrophoresis apparatus 
(Ettan IPGphor, GE Healthcare). Strips were equilibrated in 
two steps in 10 ml equilibration bu6er (6M urea, 2% (w/v) 
SDS, 75 mM Tris-HCl (pH 8.8), 30% glycerol and 0.001% 
(w/v) bromophenol blue). In the 4rst step, the strips were 
washed in equilibration bu6er containing 100 mg DTT for 
15 min with light shaking. In the second step, the 4rst equili-
bration bu6er was decanted and the wash procedure repeat-
ed with an extra 10 ml equilibration bu6er with 250 mg io-
doacetamide replacing the DTT. AMer equilibration, strip 
were loaded along the top of the 12.5% DALT pre-cast poly-
acrylamide gels and transferred to an Ettan Dalt six Electro-
phoresis System (GE Healthcare) according to manufacturer 
instructions (for further details see [30]). Silver staining of 
the analytical gels was used to visualize protein spots using a 
modi4cation of the protocol developed by Heukeshoven and 
Dernick [31]. For mass spectrometric analysis of candidate 
spots, gels were stained with a modi4ed protocol [32], com-
patible with mass spectrometry.  

Silver staining has a linear range up to two orders of mag-
nitude in terms of quantitative response [33,34]. 7is limited 
dynamic range compared to Ruorescently labeling methods 
is in part due to the well known “bleaching” e6ect of silver 
staining on spots for highly abundant proteins. AMer spot 
4ltering, when saturated and negatively stained spots were 
eliminated, the di6erence between the weakest and strongest 
spots fell within this range, as observed in a previous study 
carried out under similar conditions [30]. Silver-stained gels 
were scanned to TIFF 4les using an Image Scanner 
(Amersham Pharmacia Biotech). Progenesis Samespots v2.0 
soMware (Nonlinear Dynamics Ltd) was used for gel align-
ment, spot detection and spot volume measurement. Visual 
inspection was incorporated into the 4ltering process as de-
tailed in [35]. 7e “lowest on boundary” method for back-
ground subtraction was applied, as recommended by Non-
linear Dynamics Ltd. For analysis, the total number of fea-
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tures on the gel (including spots and artifacts) was reduced 
from over 1000 to 264 spots. In each treatment, only spots 
present in >50% of the animals, and all technical replicates in 
available, were selected. Absolute spot volumes were normal-
ised using a modi4cation of a method previously described 
for one channel microarray data [36]. 7e gel with the lowest 
median spot volume was selected as a baseline. A normalisa-
tion factor was calculated for each gel by dividing the mean 
spot volume in the baseline gel (i.e. for the total number of 
spots in the gel retained aMer 4ltering) by the mean spot vol-
ume of any gel to be normalised. Individual spot volumes 
within a gel were multiplied by the normalisation factor cal-
culated for that gel. Normalised spot volumes were log2 
transformed for further analysis. Normalisation removes 
variation arising from di6erent overall staining intensities 
between gels and allows comparison of individual spot vol-
umes between gels.  

2.6. Statistical analysis 

Data were analysed to identify individual spots for which 
volume showed statistically signi4cant between treatments, 
as well as to test for an overall treatment e6ect on global pro-
tein expression. In addition, sources of variation were ana-
lysed. Statistical analysis was carried out using R version 
2.8.1 [37]. Normalised spot volumes were used throughout 
the analysis. 7e log2 transformed normalised spot volumes 
gave acceptable 4t to normality and homogeneous variance 
values.  

2.7. Treatment comparisons 

Comparisons between treatments were performed on a 
spot by spot basis and also using a global protein expression 
approach. A spot by spot analysis was performed to deter-
mine those spots with a statistically signi4cant treatment 
e6ect. 7e characteristics of the dataset (unbalanced design 
with some animals replicated in multiple days) determined 
the statistical method applied. Two linear mixed e6ects (lme) 
models were 4tted to the data for each spot and implement-
ed with the lme package in R [38]. As multiple animals were 
sampled per treatment, and a number of them replicated 
over several days, Animal and Day were included as random 
factors. For the 4rst model, Treatment was not included as a 
factor, and for the second model it was speci4ed as a 4xed 
factor whilst Animal and Day remained in the model as be-
fore. To test the null hypothesis that for each individual spot 
there are no di6erences in spot volume between treatments, 
the 4t of the two models was compared for each spot using a 
likelihood ratio test implemented with the ANOVA (analysis 
of variance) function in R. 7e Akaike information criterion 
(AIC) and the log likelihood ratio and associated probability 
were used to compare the models. A p-value of less than 0.05 
was considered statistically signi4cant, revealing di6erences 
between treatments in the normalised spot volume of that 
particular spot. For those spots showing statistically signi4-

cant di6erences between treatments, further comparisons 
between treatments were made in a pairwise manner by 4t-
ting an lme model to each spot using Restricted Maximum 
Likelihood (REML). A single model was considered in which 
Treatment was speci4ed as 4xed and Day and Animal as ran-
dom factors. Since multiple tests were carried out, false dis-
covery rate (FDR) corrections were applied to account for 
potential type I errors aMer Benjamini and Hochberg [39]. 
Fisher´s method for combining probabilities was also ap-
plied to the 264 p-values from each pairwise treatment com-
parison [40]. 7is method combines the a priori p-values of 
all the spots into a single p-value for the data as a whole, 
which is then compared with the chosen signi4cance level α 
value. If the combined p-value is statistically signi4cant, it 
can be concluded that for at least one of the spots in the list, 
the null hypothesis that all individual spots show no di6er-
ence between treatments is false; the best candidates for 
showing a treatment e6ect being those with the lowest p-
values. 

An additional complementary approach to provide evi-
dence of treatment e6ects on global expression patterns was 
to determine whether there is a correlation between treat-
ments in patterns of protein expression compared with the 
control. A 2x2 contingency table was created with the num-
ber of observations for which spots were 1) up-regulated in 
both treatments compared to the control, 2) down-regulated 
in both treatments , 3) up-regulated at 3°C, then down-
regulated at 9°C and 4) down-regulated at 3°C, then up-
regulated at 9°C. Fisher’s exact test was used to test for asso-
ciation in the 2x2 table. 

2.8. Analysis of technical variation 

Analysis of technical variation was carried in two ways. 
Firstly, to test for di6erences in between and within day 
technical variation, factorial two-way ANOVAs were carried 
out on normalised spot volume with the variables Spot and 
Gel as random factors for each animal for which technical 
replicates were available. Spot represents all selected spots 
within a gel and Gel represents technical replicates for a sin-
gle animal. 7e interaction Spot*Gel thus measures the tech-
nical error. Separate ANOVAs were carried out to extract 
the within day and between day technical errors (i.e. the 
same animal run on di6erent gels on the same day or on 
di6erent gels on di6erent days). 7e ratio of the mean square 
of the two measures of the technical error (within and be-
tween days) and associated probabilities were calculated. P-
values less than 0.05 in a variance ratio test indicate statisti-
cally signi4cant di6erences in the technical variation meas-
ured between and within days. Secondly, for all animals rep-
licated within or between days, the coe[cient of determina-
tion (r2) of normalised spot volume was calculated for each 
replicated animal across spots between and within days. 7is 
measures the technical error between and within days. Val-
ues can be compared with those reported in previous studies. 
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2.9. Mass Spectrometry  

Gel preparation and mass spectrometric analysis were car-
ried out at the mass spectrometry facility at the Cambridge 
Center for Proteomics at Cambridge University. All protein 
spots showing statistically signi4cant changes between treat-
ments in a priori tests were manually excised from the gel 
and subsequent sample preparation was performed in a 
MassPrep Station (Micromass). BrieRy, proteins were re-
duced and alkylated with dithiothreitol (DTT) and iodoa-
cetamide (IAA) and subjected to enzymatic digestion with 
porcine trypsin (Promega). AMer digestion, 10 μl of superna-
tant was pipetted into a sample vial and analysed by LC-MS/
MS. All LC-MS/MS experiments were performed using an 
Eksigent NanoLC-1D Plus (Eksigent Technologies, Dublin) 
HPLC system and an LTQ Orbitrap Classic mass spectrome-
ter (7ermoFisher).  Separation of peptides was performed 
by reverse phase chromatography with the conditions de-
scribed in [41]. 7e Orbitrap was set to perform in data de-
pendent acquisition (DDA, Top3) mode where all m/z val-
ues of eluting ions were subjected to a survey scan in the 
Orbitrap mass analyzer, set at a resolution of 7500 over an 
m/z range 360-1500.  Peptide ions with charge states of 2+ 
and 3+ were then automatically isolated and fragmented in 
the LTQ linear ion trap by collision-induced dissociation 
and MS/MS spectra were acquired. Resulting MS/MS spectra 
were processed using Bioworks Browser (version 3.3.1 SP1, 
7ermoFisher) and resulting mgf 4les were submitted to the 
Mascot search algorithm (version 2.2, Matrix Science) and 
searched against the NCBI (all entries) database with the 
following parameter settings: a 4xed modi4cation of car-
bamidomethyl cysteine, a variable methionine oxidation and 
two miscleavages. Average atomic masses were used in the 
searches and a tolerance of 0.8 Da for fragment ions and 2.0 
Da for precursor ions was allowed. Putatively identi4ed pro-
teins were examined and only protein matches with two or 
more unique and statistically signi4cant peptide matches 
were accepted. When di6erent isoforms/homologies were 
identi4ed, these were ranked according to their protein score 
and the match with the highest score was accepted. Observed 
molecular weights (MW) based on the spot position on the 
gel were used for con4rmation with a 10 kDa tolerance. To 
further validate the identi4cations, all peptide sequences 
from each spot were used to search against a local L. elliptica 
database previously generated using 454 pyrosequencing 
(peptide against nucleotide database) [28]. 7ose contigs 
that had a match to one or more peptides were then identi-
4ed using sequence similarity searching [42] against the 
NCBI nr database. 

3. Results 

3.1. Analysis of technical variation 

Results of the analysis of within and between day technical 
variation are shown in Table 1. Apart from animal A1 there 

is no clear evidence that the mean square for between day 
replicates is signi4cantly greater than that within days. For 
both of A9 and A17, one comparison is statistically signi4-
cant and one is not. Unexpectedly, for A7, technical varia-
tion measured within days is greater than that measured 
between days, though this is not statistically signi4cant. 
7ere is therefore no indication that technical variation is 
consistently higher between days, but appears to be sample 
dependent (i.e. not batch or treatment dependent). 7e co-
e[cient of determination (r2) for normalised spot volume 
for each animal for which technical replicates were run rang-
es from 0.97 to 0.92 for between day technical error, and 
from 0.97 to 0.95 for within day technical error.  

3.2. Comparisons of spot volumes between treatments 

Mean protein expression levels in treatment groups con-
taining six animals each (4ve in the case of 3˚C buried) were 
compared. Of the 264 spots that passed quality screening, 14 
(Figure 1) showed statistically signi4cant di6erences in ex-
pression between at least two of the treatments at a p-value 
less than 0.05 in a priori tests (Table 2). 7e AIC for both 
models, log likelihood ratios and associated p-values are in-
dicated for each spot. 7e AIC [43] balances the number of 
parameters in the model, against the maximised likelihood 
for the model, and can be used to determine the simplest 
model that best explains the data.  Given a dataset and sever-
al competing models to explain it, the model with the lowest 
AIC can be considered the best. For the spots shown, AIC 
values are lower when the treatment e6ect is included in the 
model. 7us the model including treatment e6ect can be 
considered the preferred explanation for the data. AMer FDR 
corrections, none of the 14 spots showing statistically signi4-
cant di6erences between treatments in a priori tests remain 
statistically signi4cant. However, Fisher´s method for com-
bining probabilities is statistically signi4cant (p=0.04) for 

Animal  MSwithin MSbetween df F ratio p-value 

A1 0.15 0.35 263 2.26 <0.001 

  0.40 263 2.59 <0.001 

A7 0.53 0.36 263 0.68 0.999 

  0.42 263 0.79 0.972 

A9 0.42 0.56 263 1.32 0.012 

  0.39 263 0.93 0.722 

A17 0.28 0.27 263 0.97 0.597 

  0.39 263 1.38 0.005 

A23 0.22 0.23 263 1.06 0.319 

  0.23 263 1.06 0.319 

Table 1. Comparisons of between and within technical error 
using ANOVA analyses of normalized spot volume with Spot and 
Gel as random factors. 7e Spot*Gel interaction for within day 
technical replicates (MSwithin) and between day technical repli-
cates (MSbetween) is indicated for each animal.  Degrees of free-
dom (df), F ratios for between divided by within Spot*Gel mean 
square values and associated probabilities (P) are also shown.  
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one of the pairwise treatment comparisons suggesting that at 
least one of the 264 null hypotheses of no treatment e6ect is 
false. 7e best candidates for further analysis would be the 
spots with the lowest p-values. Some of these will be false 
positives but this should not be of great concern in explora-
tory research, as they would be eliminated by repeat experi-
mentation [44].  

REML statistics (t-value) and associated probabilities from 
comparisons between treatments are shown in table 2. Mean 
fold changes in protein expression of each treatment in rela-
tion to the control, and to each other, are also shown for all 
spots showing statistically signi4cant changes in expression 

between any of the treatments in a priori tests. More spots 
show statistically signi4cant changes in their level of expres-
sion between 9˚C and all other temperature treatments than 
between any of the treatments and the control (Table 3). 7e 
two 3˚C treatments (buried and not buried) show the lowest 
number of proteins with statistically signi4cant changes in 
expression between them. 

In addition to di6erences in the expression of individual 
spots between treatments, the analysis using Fisher’s exact 
test suggests that there is a correlation between the treat-
ments across spots in the direction of changes in expression 
in relation to the control (P<0.001 one tailed Fisher´s exact 
test). 7at is, spots are up-regulated (or down-regulated) 
compared to the control in all treatments more oMen than 
this is expected by chance, assuming random variation in 
direction of expression.  

3.3. Protein identi*cations by MS/MS 

Protein identi4cations by mass spectrometry were at-
tempted only on the 14 spots showing statistically signi4cant 
di6erences between treatments prior to corrections, as the 
identi4cation of all spots in the gel was beyond the scope of 
this study. Of these, four were identi4ed by MS/MS (28.6%). 
Results are shown in table 4. All spots are found approxi-
mately within their theoretical MW (±10 kDa). 7e four 
spots are identi4ed as alpha tubulin, aldehyde dehydrogen-
ase, T-complex polypeptide-1 (TCP-1) alpha subunit and 
enolase.   

4. Discussion 

In the present exploratory study, changes in the expression 
of 14 proteins out of 264 analysed in L. elliptica exposed to 
di6erent levels of heat stress were observed to be statistically 
signi4cant in a priori tests. Although these do not remain 
statistically signi4cant aMer application of the FDR method, 
Fisher’s combined probability test and application of the 
Akaike information criterion provide evidence of a treat-
ment e6ect. In addition, there is a statistically signi4cant 
correlation between the treatments in the up- and down-
regulation of spots in the treated animals compared to the 
control, which also provides evidence of a treatment e6ect. 
Environmental changes are likely to cause coordinated 
changes in the up- or down-regulation of di6erent proteins, 
and may be a means of discovering protein networks under-
lying physiological or adaptive response as observed in a 2-
DE study of the e6ect of mutational change in yeast [45]. 
Four of the 14 proteins were identi4ed by mass spectrome-
try. 7e potential signi4cance of the observed changes is 
explained and candidates for further analysis are proposed. 
7e coe[cient of determination (r2) for normalised spot 
volume for each animal for which technical replicates were 
run (0.92 to 0.97) was within the range reported in previous 
studies in bivalves [30,46], indicating that technical variation 
was consistent with expectations from 2-DE analysis.  

Figure 1. Representative 2DE gel from L. elliptica mantle tissue 
exposed to control conditions (0°C). 7e isoelectric point (pI) and 
molecular weight (MW) in kilodaltons are indicated on the hori-
zontal and vertical axes respectively.  Arrows indicate the 14 spots 
that showed signi4cant di6erences between at least two of the tem-
perature treatments (3°C and 9°C) or the treatments and the con-
trol.  

Spot AIC 1 AIC 2 L. Ratio p-value 

1 68.56 66.27 8.28 0.041 

3 85.14 79.50 11.64 0.009 

4 118.06 116.02 8.04 0.045 

5 71.65 67.44 10.21 0.017 

6 86.79 83.49 9.29 0.026 

7 91.37 87.70 9.67 0.022 

8 91.04 88.61 8.43 0.038 

10 81.29 78.46 8.82 0.032 

13 74.00 71.68 8.32 0.040 

14 63.74 60.32 9.42 0.024 

225 115.29 112.91 8.38 0.039 

234 83.74 81.03 8.71 0.034 

235 43.73 40.95 8.78 0.032 

242 46.87 42.22 10.65 0.014 

Table 2. Results from the lme tests for model comparisons 
showing spot numbers for spots with expression levels signi4cantly 
di6erent between treatments are given, followed by the Akaike 
information criterion (AIC) for models 1 (no 4xed e6ect) and 2 
(treatment as a 4xed e6ect), log likelihood ratios (L. Ratio) and 
associated a priori p-values.  
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In a previous study of transcriptomic responses to heat 
stress in L. elliptica exposed to the same 3°C treatment de-
scribed herein, a total of 160 unique transcripts, 7.5% of the 
total number of clones retained for analysis, showed statisti-
cally signi4cant changes in expression between treatments 
[27]. 7e reasons for the disparity between the transcriptome 
and proteome studies in the number of statistically signi4-
cant changes in expression could be related to the subset of 
transcripts and proteins analysed. Only a subset of the tran-
scriptome was printed on the array (8500 clones) and like-
wise, only a subset of the total proteome expressed at any 
one time can be separated under the same running and prep-
aration conditions. It is possible that the set of transcripts on 
the arrays by chance showed relatively more di6erences be-
tween treatments than did the set of proteins visualised by 2-
DE. In addition, it is likely that some changes occurring in 
mRNA expression do not result in changes at the corre-

sponding protein level. Several studies have shown that pre-
dictions on protein expression levels based on changes in the 
corresponding mRNA abundance are not always met 
(reviewed in [5]). It is also possible that there is a time lag 
between the generation of mRNAs and subsequent protein 
production in response to changes in temperature. However, 
when taken as a proportion of the total number of proteins 
changing in expression between the treatments, the percent-
age of identi4ed proteins (approximately 29%) was higher 
than that of identi4ed transcripts (17% in the microarray 
and 454 sequencing work previously referred to).    

A higher number of spots showing changes in expression 
in the 9˚C treated animals when compared to other treat-
ments could be expected. At 9˚C, the critical temperature 
has been exceeded and the transfer to anaerobic metabolism 
has occurred [16], potentially resulting in di6erent protein 
expression pro4les and a larger set of proteins showing sta-

 FC   FC   FC   

Spot  3°CB/0°C t-value P 3°CNB/0°C t-value P  9°C/0°C t-value P 

1 -1.35 1.34 0.195 -1.12 0.54 0.594 1.35 1.41 0.176 

3 1.31 1.26 0.223 1.36 1.50 0.151 -1.39 1.54 0.141 

4 -2.10 2.12 0.047 -2.03 2.09 0.050 -1.06 0.18 0.862 

5 1.41 2.02 0.058 1.56 2.69 0.015 1.06 0.32 0.751 

6 1.16 0.72 0.481 1.59 2.24 0.037 1.75 2.61 0.017 

7 -1.19 0.77 0.452 -1.15 0.65 0.522 1.54 1.90 0.072 

8 1.94 2.87 0.010 1.59 2.04 0.055 1.59 1.96 0.065 

10 1.59 2.36 0.029 1.70 2.77 0.012 1.67 2.55 0.020 

13 -1.46 2.05 0.054 -1.17 0.89 0.383 -1.61 2.56 0.019 

14 9.94 0.03 0.976 10.31 0.21 0.836 6.02 2.40 0.027 

225 -1.89 1.88 0.075 -1.84 1.86 0.079 1.10 0.28 0.786 

234 1.52 1.91 0.071 1.78 2.71 0.014 1.77 2.58 0.018 

235 1.03 0.28 0.780 1.20 1.56 0.135 1.37 2.56 0.019 

242 -1.19 1.28 0.216 1.17 1.21 0.242 1.24 1.60 0.127 

 FC   FC   FC   

Spot  3°CNB/3°CB t-value P  9°C/3°CB t-value P  9°C/3°CNB t-value P 

1 1.20 0.85 0.408 1.82 2.73 0.013 1.52 1.99 0.061 

3 1.04 0.20 0.846 -1.82 2.89 0.009 -1.90 3.20 0.005 

4 1.04 0.11 0.913 1.98 2.00 0.060 1.91 1.96 0.065 

5 1.11 0.67 0.513 -1.33 1.75 0.097 -1.48 2.43 0.025 

6 1.36 1.60 0.125 1.51 2.02 0.058 1.11 0.51 0.618 

7 1.03 0.14 0.891 1.83 2.80 0.011 1.78 2.73 0.013 

8 -1.23 0.94 0.357 -1.23 0.90 0.377 1.00 0.00 1.000 

10 1.07 0.38 0.709 1.05 0.26 0.801 -1.02 0.11 0.916 

13 1.24 1.29 0.213 -1.11 0.57 0.576 -1.38 1.84 0.081 

14 1.04 0.17 0.865 -1.65 2.36 0.029 -1.71 2.66 0.016 

225 1.03 0.10 0.925 2.08 2.21 0.040 2.02 2.20 0.041 

234 1.17 0.76 0.457 1.16 0.71 0.486 1.00 0.01 0.989 

235 1.16 1.35 0.192 1.32 2.42 0.026 1.14 1.16 0.261 

242 1.39 2.59 0.018 1.47 2.94 0.008 1.06 0.45 0.656 

Table 3. Mean fold changes (FC) in protein expression of each treatment in relation to the control, and to each other for L. 
elliptica mantle tissue.  Results are shown for signi4cantly up- or down- regulated spots between at least two of the treatments in 
a priori tests.  Positive and negative values indicate up- and down-regulation respectively.  Restricted Maximum Likelihood sta-
tistics (t-value) and associated probability (P) are also shown.  Bold probabilities indicate signi4cant di6erences between the 
treatments in the level of expression of a given spot (P<0.05). “B”, buried; “NB”, not buried.  
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tistically signi4cant changes in expression. However, the 
di6erences in physiological performance (buried and not 
buried) reRected at the organismal level was not detected at 
the protein level (only one protein showed statistically sig-
ni4cant di6erences between the 3˚C buried and not buried 
groups, table 3). Of the proteins identi4ed, aldehyde dehy-
drogenase and the glycolytic enzyme enolase changed in 
their level of expression in L. elliptica exposed to elevated 
temperatures. Both proteins are part of the minimal stress 
proteome of cellular organisms, a set of proteins that partici-
pate in di6erent aspects of the cellular stress response and 
are ubiquitously conserved in all three super kingdoms [6]. 
In the absence of stress, aldehyde dehydrogenase is an en-
zyme in the glycolytic pathway. However, under acute stress, 
it acts as an oxidoreductase, involved in redox regulation by 
detoxifying aldehydes. 7e induction of this protein may be 
necessary for generating reducing equivalents (NADH, 
NADPH) that are needed for cellular antioxidant systems, or 
to respond to the energetic requirements of protein degrada-
tion, protein chaperoning, and DNA repair [6]. Both are in 
accordance with the observed decrease in aerobic capacities 
[20] and the induction of antioxidant defenses at 3˚C [27]. 

Tubulin is a cytoskeletal protein and main constituent of 
microtubules, which consists of many isoforms [47,48]. 7e 
upregulation of tubulin in clams exposed to 3˚C is consistent 
with the induction of cytoskeletal protein transcripts ob-
served in heat stressed L. elliptica [27]. It is also likely to be 
associated with the changes in the expression of the fourth 
protein identi4ed, T-complex polypeptide-1 (TCP-1), a 
member of the TRiC family which functions as a chaperone 
in eukaryotes directing folding of cytoskeletal proteins 
(reviewed in [49]) and is key in the biogenesis of tubulin in 
the cytosol [50]. It is thus possible that the upregulation of 
TCP-1 responds to the demand for tubulin and, based on the 
gene expression data previously cited, other cytoskeletal pro-
teins. 7e induction of TCP-1 is likely linked with the induc-
tion of a prefoldin transcript observed at the level of gene 
expression [27]. Prefoldin is a molecular chaperone complex 
which transfers target proteins to chaperonins, promoting 
folding of newly synthesised or denatured proteins. 7e bio-
genesis of the cytoskeletal proteins actin and tubulin involves 
the interaction of nascent chains of each of the two proteins 
with prefoldin and their subsequent transfer to the cytosolic 
chaperonin containing TCP-1 [50,51]. TCP-1 was highly 
upregulated during heat stress in the coral Montastraea fave-
olata [52]. Owing to the absence of inducible HSPs at environ-
mentally relevant temperatures, TCP-1 deserves further at-
tention as a potential heat stress induced chaperone in L. 
elliptica. Its role in other Antarctic species and potential use as 
a marker for thermal stress in the Antarctic marine environ-
ment awaits examination. 

7e number of identi4ed proteins in this study using pro-
tein databases (4 out of 14 spots) reRects the amount of in-
formation available in public databases for L. elliptica (18 
proteins at the time of writing), which has also been a feature 
in previous work in this species [27,28]. Identi4cations in the T
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present study were limited to highly conserved sequences. 
Searches for the 14 proteins showing a priori statistically 
signi4cant di6erences between treatments against the 454 L. 
elliptica transcriptome did not result in further proteins being 
identi4ed but con4rmed the MASCOT results, increasing 
con4dence in the identi4cations. Since the individuals used 
for 454 transcriptome analysis were not exposed to stress, it 
is possible that genes involved in the stress response are un-
derrepresented. 7is would emphasise the desirability in 
transcriptomics studies of constructing databases derived 
from material exposed to contrasting experimental treat-
ments. Identifying proteins associated with speci4c environ-
mental stressors, may thus require the generation of further 
transcriptomic resources. 

5. Conclusions 

In summary, this exploratory study provides evidence for a 
treatment e6ect due to experimentally induced heat stress at 
the protein level in L. elliptica. Four candidate proteins have 
been identi4ed, providing evidence of the activation of a 
cellular stress response in L. elliptica at 3°C, and a candidate 
spot (TCP-1) that deserves further attention as a potential 
stress marker in this species. Successful identi4cations will 
likely increase as genomic resources rapidly increase through 
the development of next generation sequencing projects. A 
strong statistically signi4cant correlation in the pattern of 
expression of spots in the treated animals compared to the 
control was observed. 7is is an interesting approach, which 
might be investigated more generally where a priori values 
are not statistically signi4cant, as a means of identifying 
treatment e6ects and coordinated regulation of protein net-
works underlying the physiological response. 
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Bacterial classi�cation, referred as the assignment of an 
isolate to a species formally described [1], has been generally 
accomplished based on conventional techniques that rely on 
biochemical reactions and phenotypic characteristics, such 
as Gram staining and colony morphology [2]. 2e complete 
identi�cation with these methods is usually time-consuming 
and, in some cases, correct identi�cation is not possible [3]. 
2ereby, molecular biology methods, mostly based on nucle-
ic acid tests such as polymerase chain reaction (PCR), have 
been used as complementary or alternative approaches to 
overcome these disadvantages due to their rapidity and sen-
sitivity [4]. However, these techniques require a high level of 
technical expertise and remain expensive [5].  

In recent years, besides its wide �eld of application in con-
ventional proteomics, matrix-assisted laser desorption ioni-
zation time-of-;ight mass spectrometry (MALDI-TOF MS) 

has been increasingly applied with success for microbial 
identi�cation, including bacteria, fungi and viruses [6-12]. A 
unique mass spectral �ngerprint of the microorganism is 
acquired and used for identi�cation at the species and strain-
level. 2e rapidity, accuracy and cost-eAectiveness make it a 
promising tool to replace current methods in clinical micro-
bial diagnostics within the next few years [1, 13].  

Nevertheless, the increment in published work led to an 
increase in the number of sample processing methods that 
diAer in particular steps [14]. Nowadays, among all treat-
ment procedures published regarding MALDI-TOF MS mi-
crobial pro�ling, two main approaches can be discerned. 2e 
direct analysis of intact cells, without any disruption process, 
has been referred as an easy way to achieve microbial identi-
�cation [15]. On the other hand, cell disruption and protein 
extraction analysis or whole cell lysate analysis represent an 
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Abstract 

1. Introduction 

DiAerent procedures for matrix assisted laser desorption ionization time of ;ight mass spectrometry-based E. coli classi�cation at the strain 
level using the enzymatic digestion of proteins from the cell lysate have been studied. 2e eAects of ultrasonic energy as well as the eAects of 
protein reduction and protein alkylation in the sample treatment and in the subsequent classi�cation were assessed. 2e �nal optimal meth-
od for classi�cation was then compared with an intact cell-based approach in a diAerent set of samples. Our results show that E. coli classi�-
cation at the strain level is possible as 12 diAerent strains were correctly classi�ed using intact cell analysis. Overall, the con�dence level in 
classi�cation was higher when the analysis was performed with the intact cell approach.  

Keywords: Bacterial; E. Coli; Fingerprinting; MALDI; Classi�cation.  
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alternative method for microorganism identi�cation [14]. 
Whereas few biomarkers are required for identi�cation at 
the species-level, much more are needed for strain diAerenti-
ation [16]. Protein fraction analysis enhances the discrimina-
tory power of the technique by increasing the number of 
reproducible peaks detected that are useful in intra-species 
classi�cation. For instance, Bizzini et al. improved the identi-
�cation yield of strains of diAerent species of bacteria and 
yeasts, from 70,3% to 93,2% aZer a protein extraction step 
[17]. 

In this work, the usefulness of digesting the whole bacteri-
al lysate as well as digesting the whole bacterial protein con-
tent for bacterial discrimination at the strain level through 
MALDI-TOF MS has been assessed. 2e eAectiveness of 
ultrasonic assisted enzymatic digestion was compared with 
the conventional overnight digestion, in order to reduce the 
identi�cation time to a few minutes. Finally, the optimized 
method was applied to a distinct set of 12 E. coli isolates in 
order to compare it with an intact cell procedure for classi�-
cation. 

2. Material and methods 

2.1. Apparatus 

A Branson Soni�er® SLPe 150W equipped with a 3 mm 
microtip from Branson Ultrasonics (Danbury, USA) and a 
sonicator model SONOPULS HD 2200 with a Cup Horn 
BB6 accessory, from Bandelin (Berlin, Germany), were used 
for cell lysis and for accelerating protein reduction, alkyla-
tion and digestion steps. A mini-centrifuge CM-50 from 
ELMI (Riga, Latvia) and a refrigerated centrifuge MPW-65R 

from MPW Med. Instruments (Warsaw, Poland) were used 
throughout the experiments when necessary. Deionized ul-
trapure water was obtained from a Simplicity™ system from 
Millipore (Milan, Italy). Mass spectrometry analyses were 
performed with a MALDI-TOF/TOF UltraFlex model from 
Bruker Daltonics (Bremen, Germany). 

2.2. Bacterial samples 

Escherichia coli T1 Mach (Invitrogen) (A), NovaBlue 
(Merck-Millipore) (B), DH5α (C) and BL21 (D) were used 
for method development. For method validation, a set of 12 
previously characterized E. coli isolates recovered from wild 
animals was used (E-P): GV5A (E) [18], L196 (F) [19], 
WA57 (G) [20], L65 (H) [19], W4Ba (I) [20], W151A (J) 
[20], W184 (K) [20], L63† (L) [19], L18 (M) [21], L40 (N) 
[21], L115 (O) [21] and L185 (P) [22].  

2.3. Standards and reagents 

Luria-Broth (Sigma-Aldrich, Steinheim, Germany) and 
Brain Heart Infusion (Oxoid) liquid mediums were used for 
E. coli growth. Phosphate saline buAer (PBS, pH = 7.4), sodi-
um deoxycholate (NaDOC), trichloroacetic acid (TCA), tri-
;uoroacetic acid (TFA), acetonitrile, DL-dithiothreitol 
(DTT), iodoacetamide (IAA) and trypsin from porcine 
(proteomics grade) were also from Sigma-Aldrich. Ammoni-
um bicarbonate (AmBic), formic acid, and α-cyano-4-
hydroxycinnamic acid (α-CHCA) were purchased from 
Fluka (Buchs, Switzerland). Peptide and protein standards 
for mass calibration were purchased from Bruker Daltonics 
(Germany). 

Figure 1. Overview of the diAerent sample treatments applied in protein digestion. (a) Direct digestion of proteins from supernatant 
with the reduction and alkylation steps. (b) Direct digestion of proteins from supernatant without the reduction and alkylation steps.  (c) 
Protein digestion aZer protein precipitation, resuspension and reduction and alkylation steps.  
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2.4. Bacterial growth and protein extraction 

E. coli strains A, B, C and D were cultured in Luria-Broth 
(LB) medium and incubated overnight at 37 ºC, 190 rpm in 
an orbital shaker. AZer incubation, cells were centrifuged at 
8000 rpm for 5 min, decanted and washed twice with PBS-
buAer. Cell disruption was performed with an ultrasonic 
probe (3 mm probe tip diameter; 35 % ultrasonic amplitude) 
during 6 minutes with intercalated cycles of ultrasonication 
(10 s) and rest periods without sonication (10 s). 2is proce-
dure was performed in an ice-bath to prevent sample over-
heating. Cell debris was removed by centrifugation at 13000 
rpm at 4 ºC for 10 min. 2e supernatant was collected to new 
vials and the pellet was discarded.  2ree procedures were 
then applied: direct enzymatic digestion of supernatant with 
(i) and without (ii) reduction and alkylation steps and enzy-
matic digestion of supernatant’s protein content aZer precip-
itation (iii). 2e procedures are described in detail below and 
depicted in Fig.1 

2.5. Enzymatic digestion of supernatant 

Two aliquots of 50 µL of supernatant were made for each 
method tested. Direct digestion of proteins was performed 
with (Fig. 1a) and without (Fig. 1b) reduction and alkylation 
steps. 2e protein content of each aliquot was processed as 
follows. For protein reduction, 2 µL of DTT (10 mM �nal 
concentration in sample mixture) were added and the sam-
ple was ultrasonicated with the sonoreactor, SR, SONOPULS 
(50 % amplitude) for 2 min. 2en, 2 µL of IAA  (50 mM 
�nal concentration in sample mixture) were added and pro-
tein alkylation was enhanced with the SR (50 % amplitude) 
for 2 min. Finally, 44 µL of trypsin (0,01 µg/µL �nal con-
centration in sample mixture) were added to the sample and 
protein digestion was performed during 5 min with the SR 
(50 % amplitude), or during overnight (ca. 12 h) at 37ºC. 
Protein digestion was stopped with the addition of 2 µL of 
formic acid (1 % v/v �nal concentration in sample mixture). 

2.6. Enzymatic digestion of supernatant’s protein content  

Two aliquots of 500 µL of supernatant were taken for each 
method tested and proteins were precipitated. For protein 
precipitation samples were made up to 0.02 % with NaDOC 
(2% m/v). Samples were incubated during 30 min. 2en, 
TCA was added until solution was made up to 10 % v/v in 
this reagent, and the samples were incubated at 4 ºC for 1 h. 
AZer centrifugation at 13000 rpm, 4 ºC, during 15 min, the 
supernatant was discarded and the pellet was washed with 
400 µL of cold acetone (-20 ºC), incubated during 15 min at 
-20 ºC and centrifuged at 13000 rpm, 4 ºC, for 15 min. 2e 
supernatant was discarded and the pellet was air dried to 
remove acetone residues. Finally, 50 µL of AmBic 25 mM 
were added to dissolve the proteins from the pellet. Proteins 
were reduced, alkylated and digested as described above (Fig. 
1c). 

2.7. Sample treatment for whole bacterial analysis  

Twelve isolates of E. coli were used. 2e isolates were tak-
en from wild animals and they were collected during a bio-
logical survey done within a program of the UTAD Univer-
sity. Bacteria were cultured in BHI (brain heart infusion) 
medium. AZer incubation, cells were centrifuged at 8000 
rpm for 5 min, decanted and washed twice with MilliQ wa-
ter. 2e resulting pellet was then resuspended in 250 µL of 
0.1 % TFA and vortexed for 60 s. 2ree biological replicates 
for each isolate were done (Fig. SM-1). 

2.8. MALDI-TOF-MS analysis 

2.8.1. Peptide digests 

2e peptide digests were mixed (1:1) with α-CHCA ma-
trix at a concentration of 10 mg/mL in acetonitrile/water (50 
% v/v) and TFA (0.1%).  2en, each sample was applied onto 
the MALDI sample plate (Bruker Daltonics parts no. 
209519)  in �ve diAerent spots (1 µL per spot), air dried and 
analyzed without any further puri�cation steps, in a Ultra-
;ex II MALDI-TOF/TOF instrument from Bruker Daltonics 
equipped with a 200 Hz Smartbeam laser system. Data was 
acquired using the FlexControl soZware (version 3.3.108.0). 
Measurements were performed in the re;ectron positive-ion 
mode. A total of 1500 spectra were acquired at each spot 
position with a laser frequency of 100 Hz. Close external 
calibration was performed with the  [M + H]+ monoisotopic 
peaks of bradykinin 1-7 (757.3992), angiotensin II 
(1046.5418), angiotensin I (1296.6848), substance P 
(1347.7345), bombesin (1619.8223), renin substrate 
(1758.9326), ACTH clip 1-17 (2093.0862), ACTH 18-39 
(2465.1983), and somatostatin 28 (3147.4710). 2e peak lists 
were generated from the mass spectra using the peak detec-
tion algorithm SNAP (sophisticated numerical annotation 
procedure).   

2.8.2. Intact bacterial analysis 

A volume of 10 µL of the bacterial suspension was mixed 
with 10 µL of a sinapinic acid matrix solution (20 mg/mL in 
50 % acetonitrile/  2 % TFA.  2en, 1 µL of each sample was 
applied in quintuplicate onto a MALDI target plate (MTP 
384 target plate ground steel T F). 2e same Ultra;ex II 
MALDI-TOF/TOF instrument described above was used. 
Measurements were performed in the linear positive-ion 
mode from 2000 to 20000 m/z. Close external calibration 
was performed with the protein calibration standards I. Peak 
lists were generated with  the  FlexAnalysis soZware (version 
3.3) using the peak detection algorithm Centroid. 

3. Results and discussion 

Currently, the identi�cation of bacteria by MALDI-TOF-
MS relies mostly on the analysis of intact bacteria due to the 



Ricardo J. Carreira et al., 2013 | Journal of Integrated Omics 

44-50: 47 

simplicity of the procedures and the rapidity of the analysis. 
Yet, these procedures may not be suitable for the analysis of 
pathogenic bacteria due to the risk of contamination and 
exposure of the operator to the infectious agent. Alternatives 
relying on the analysis of inactivated bacterial lysates and 
enzymatic digests of proteins from the bacterial lysate have 
been recently developed [14]. New approaches to such alter-
natives are presented below. 

3.1. )e e*ect of ultrasonic energy in the digestion of whole 
bacterial lysates. 

Ultrasound has been reported as a useful and reliable tool 
to accelerate not only protein digestion with trypsin, but also 
the entire protocol for protein identi�cation by MS includ-
ing protein reduction with DTT and alkylation with IAA [23
-26]. 2e mechanism responsible for the enhancement of 
protein enzymatic digestion with ultrasound is not fully un-
derstood yet, but it is thought to rely on cavitation [27]. 2e 
cavitation phenomena occurs when a ultrasound wave trav-
els through a liquid media generating micro bubbles of gas, 
known as cavitation bubbles, which grow during successive 
rarefaction and compression cycles. Eventually, these bub-
bles reach an unstable size and undergo violent collapse gen-
erating localized spots of high pressure and high tempera-
ture, which can be used as micro reactors to enhance chemi-
cal and physical reactions. In this work, ultrasonic energy 
from a sonoreactor apparatus, SR, was used to accelerate the 
digestion of proteins from crude bacterial lysates and pro-
teins obtained aZer precipitation of the bacterial lysate, as 
well as to enhance protein reduction and alkylation steps. 
2e SR works as a small ultrasonic bath. However, the ultra-
sound intensity delivered is much higher than the one ob-
tained from a normal ultrasonic bath. 2is it allows to speed 
up protein digestion with great ecciency [28]. Furthermore, 
ultrasonication with the SR is performed in closed vials. 2is 
prevents sample contamination and allows hazardous sam-
ples to be safely handled.  

In the �rst part of this work, the ultrasonic (5 min) and 
overnight (12 h) enzymatic digestion of crude bacterial ly-
sates were compared. As a general role, the mass spectra 
obtained aZer ultrasonication had lower intensity than the 
spectra obtained aZer overnight digestion (Fig. SM-2). Table 
SM-1 presents the number of mass peaks with relative inten-
sity higher than 5 % or 10 % obtained aZer protein enzymat-
ic digestion with the overnight (12 h) procedure or with the 
ultrasonic (5 min) procedure. As this table shows, the num-
ber of peaks with a relative intensity higher than 5 % ob-
tained with the overnight procedure varied from 128 to 564, 
which represents a diAerence of more than 400 peaks be-
tween spectra of D and B strains, respectively. Regarding the 
ultrasound-assisted digestion, the number of mass peaks 
with a relative intensity higher than 5 % varied from 279 to 
478 peaks. 2e same pattern was observed when only the 
mass peaks with a relative intensity higher than 10 % were 
considered. As a trend, the number of signi�cant mass peaks 

is higher in spectra from overnight digested samples than in 
spectra from samples digested with ultrasound., with the 
exception of strain D. In this case, one of the main reasons 
for the discrepancy in the size of the list of peptides can be 
related with ion suppression eAect, as can be seen by the 
mass spectrum obtained aZer the overnight digestion of pro-
teins from strain D_ON (Fig. SM-2). 2is spectrum clearly 
shows a high intense mass peak at 1480 m/z. 2e major eAect 
is the decrease of the relative intensities of the remaining 
mass peaks, which in turn are not selected for analysis, since 
they do not meet the relative intensity threshold. 2is is very 
important because the higher the number of peaks selected 
for analysis the higher the possibility to �nd diAerences be-
tween strains. 2e mass spectra obtained were analysed by 
hierarchical clustering to study the classi�cation achieved by 
each sample treatment. As shown in Fig. 2, most replicates of 
the diAerent samples are grouped in pairs, according to the 
strain and to the type of sample treatment used. 2is shows 
that both, the overnight and ultrasonic sample treatments; 
render reproducible mass spectra, which can be used to dis-
tinguish bacterial samples at the strain level. Furthermore, it 
is clear from this result that the sample treatment is the vari-
able that most in;uences the classi�cation of the strains, as 
they are grouped as a function of the sample treatment used. 
2is result is of great importance because it reveals that sets 
of data obtained from two diAerent sample treatments 
should not be used to classify bacteria. 

3.2. In+uence of protein reduction and alkylation in the sam-
ple treatment for bacterial classi-cation. 

Protein reduction with DTT followed by alkylation with 
IAA is used in proteomics to break disulphide bonds be-
tween cysteine residues and to prevent their formation, re-
spectively. 2ese reactions introduce a chemical modi�ca-
tion which destroys the native structure of the protein and 

Figure 2. Hierarchical clustering of peak lists obtained by MAL-
DI-TOF MS from overnight (ON) and ultrasound (US) assisted 
enzymatic digestion of crude bacterial lysates of E. coli strains A, B, 
C and D. Two replicates were performed in each procedure. Clus-
ter analysis was accomplished with BACTERIAL IDENTIFICA-
TION soZware (Euclidean distance, minimum variance 0.1%).  
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helps enzymatic digestion by exposing cleavage sites that 
otherwise would remain hindered by the native structure. In 
the previous section, the analysis was done aZer protein re-
duction and alkylation. To assess the in;uence of protein 
reduction and alkylation on bacteria classi�cation, direct 
enzymatic digestion assisted with ultrasound energy was 
performed on a sample set without reduction and alkylation 
steps. 2e number of peptides obtained with a relative inten-
sity higher than 5% in the non-reduced and non-alkylated 
samples was 536, 403, 333 and 481 for strains A, B, C and D, 
respectively (Table SM-2). 2ese values are of the same mag-
nitude than the ones obtained in samples where protein re-
duction and alkylation was performed (Table SM-1). Fig. 3 
presents the hierarchical clustering analysis of the spectra 
obtained for ultrasonic treated samples, both non-reduced 
and non-alkylated together with reduced and alkylated. As 
may be seen, 4 main groups were formed, each one corre-
sponding to a diAerent strain. 2ese results suggest that per-
forming protein reduction and alkylation on proteins from 
crude bacterial lysates before the enzymatic digestion has a 
minor eAect in the classi�cation obtained by MALDI-TOF-
MS analysis.  

3.3. Evaluation of the discriminatory power of the protein 
content in the bacterial classi-cation. 

When working with bacterial lysates, protein precipitation 
is routinely used to concentrate and separate the protein 
content from other components present in the lysate. Yet, 
one of the main disadvantages of this approach is the incom-
plete protein recovery from the precipitate [29]. In this work, 
proteins were precipitated from bacterial lysates with TCA/
NaDOC. AZer precipitation, the pellet was resuspended in 
ammonium bicarbonate buAer (25 mM), then the proteins 
were reduced and alkylated, and �nally digested with trypsin 
by the overnight (12 h) or the ultrasonic assisted (5 min) 

procedures. Results are shown in Fig. SM-3. As a general 
rule, the intensity of the spectra was lower than for the anal-
ysis of crude bacterial lysates. Even though the number of 
mass peaks obtained per spectra was similar to the ones ob-
tained for the crude bacterial lysates, a higher variance be-
tween replicates was observed (Table SM-3). Fig. 4 presents 
the hierarchical clustering analysis of the spectra obtained 
aZer overnight and ultrasound assisted enzymatic digestion. 
Once again, the same strains are grouped in pairs according 
to the procedure used for protein digestion. For instance, 
replicates of the ultrasound assisted digestion of proteins 
from strain D were found closely related, but distant from 
spectra of the same strain obtained aZer overnight enzymatic 
digestion. 2is con�rms that bacterial identi�cation by MS 
seems highly dependent on the sample treatment used.  

3.4. Evaluation of the discriminatory power of the digested 
protein content analysis in a set of E. coli isolates  

According to the results presented in the sections above, 
the protein digestion of the crude bacterial lysate assisted 
with ultrasonic energy appears to be the most favourable 
method for strain discrimination. In order to evaluate the 
sensitivity and robustness of the method, 12 E. coli isolates 
recovered from wild animals previously classi�ed according 
to the antimicrobial resistance gene pro�le were tested. Re-
sults presented in Fig. 5, show that nearly half of the replicat-
ed isolates were clustered grouped together aZer ultrasonic 
assisted enzymatic digestion. However, others were clustered 
distantlydistantly related, as shown for example in the repli-
cates of isolate K. 2erefore, it is possible to verify that this 
approach may have limitations. On the other hand, as may 
be observed in Fig. 6, the direct analysis of whole bacterial 
cells allows the classi�cation of almost all strains. 2is sug-
gest that this method is highly reproducible and also that the 
MALDI-TOF-based mass spectrometry can be used to 

Figure 3. Hierarchical clustering of peak lists obtained by MAL-
DI-TOF MS from ultrasound assisted enzymatic digestion of crude 
bacterial lysates of E. coli strains A, B, C and D, with (US) and 
without (US*) previous reduction and alkylation treatments. Two 
replicates were performed in the US procedure. Cluster analysis 
was accomplished with BACTERIAL IDENTIFICATION soZware 
(Euclidean distance, minimum variance 0.1%).  

Figure 4. Hierarchical clustering of peak lists obtained by MAL-
DI-TOF MS from overnight (ON) and ultrasound (US) assisted 
enzymatic digestion of precipitated proteins of E. coli strains A, B, 
C and D. Two replicates were performed in each procedure. Clus-
ter analysis was accomplished with BACTERIAL IDENTIFICA-
TION soZware (Euclidean distance, minimum variance 0.1 %).  
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diAerentiate bacteria of the same species at the strain level. 
2is approach, whole cell mass spectrometry (WC-MS), has 
been a widely adopted routine procedure for bacterial diAer-
entiation. 

4. Conclusions 

DiAerent sample treatments for bacterial identi�cation 
relying on the analysis of digested bacterial lysates have been 
compared. Crude bacterial lysates or proteins obtained aZer 
precipitation were enzymatically digested during overnight 
or with the aid of ultrasonic energy. In addition, the eAect of 
protein reduction and alkylation on the classi�cation was 
also studied. 2e results showed that reduction and alkyla-
tion have little eAect in the classi�cation of bacteria when 
ultrasonic energy was used to enhance enzymatic digestion 
of crude bacterial extracts. It was also veri�ed that samples 
were grouped according to the sample treatment used rather 
than the corresponding bacterial strain. Even though, sam-
ples corresponding to the same strain and with the same 
sample treatment were grouped together in the majority of 
the studied cases. Nevertheless, the use of enzymatic digests 
failed in classifying 12 wild E. coli strains whilst such classi�-
cation was achieved with the analysis of the intact bacteria. 
2erefore the use of digested samples is not recommended 
for classi�cation of E. coli strains. Also bacterial classi�ca-
tion through MALDI-based mass spectrometry is highly 

dependent on the sample treatment used and therefore clas-
si�cation studies must be always done using the same sample 
treatment. In fact this study seems to suggest that there is an 
urgent need to method standardization for MALDI-TOF 
sample preparation for microbial identi�cation. It must be 
highlighted that this study was performed with gram nega-
tive species. Several known dicculties regarding mass spec-
trometry are inherent to the peptidoglycan layer of the gram 
positive bacterial cell wall, wherein a previous disruption 
step may be required to improve signal record. 2erefore, 
extrapolation of these outcomes to other cases should be 
done carefully.  

5. Supplementary material 

Supplementary data and information is available at: http:// 
www.jiomics.com/index.php/jio/rt/suppFiles/131/0. 
Supplementary Material includes Figures SM_1, SM_2 and 
SM_3. 
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Vascular smooth muscle cells (VSMCs), although highly 
specialized, are not terminally di+erentiated cells. -ey 
maintain a great plasticity and, when stimulated by external 
inputs, they are able to switch to an activated phenotype 
characterized by increased cell proliferation capability and 
triggering of cell proliferation and migration programs [5,6]. 
-ese properties are helpful for vascular healing following 
injury and damage, but can also be detrimental since they 
exert, a pivotal role in onset and progression of vascular pro-
liferative disorders contributing to the thickening of the tu-
nica intima, named  neointima, and the  beginning of the 
atherosclerotic plaque [7]. A wide range of elements contrib-
utes to VSMC activation and, among them, growth factors 
are the most critical ones. Platelet derived growth factor –BB 
(PDGF-BB), produced by activated platelets and macrophag-

es, has so far been the only factor demonstrated to selectively 
and directly promote VSMC phenotype changes [5,8].  

Following growth factor binding to its receptor, a cascade 
of kinases and phosphatases are activated and, within a few 
minutes, a series of events and speciBc responses are trig-
gered while the phosphorylation state of the proteins chang-
es dramatically [9]. -ese early events, even if phenotypically 
imperceptible, are decisive for the activation process in 
VSMCs [6, 10], and result with a complete reorganization of 
the cell structure.  

Indeed, several stimuli regulate both VSMC di+erentiation 
and activation through phosphorylation [11]. Chen and col-
leagues in 2010 investigated the signal transduction path-
ways of aeat shock protein 27 (HSP27) phosphorylation in 
VSMCs aDer angiotensin II (ANG-II) and PDGF-BB stimu-
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Abstract 

1. Introduction 

Vascular smooth-muscle cells (VSMCs) are the main components of the artery medial layer and if activated by growth factors  as a conse-
quence of vessel injuries, acquire the ability to proliferate and migrate contributing to the formation of neointima. In the early phase/events 
of VSMC stimulation a cascade of kinases and phosphatases initiates phospho-events that are decisive for VSMC activation. In this work, a  
SILAC approach in a multi-strategy combined method for phosphopeptides enrichment was used, in order to gain insights into the phospho-
modulation of the proteome of VSMCs stimulated by  platelet derived growth factor BB (PDGF-BB).. -e quantitative SILAC phosphoprote-
ome analysis  allowed the identiBcation of 1300 phosphopeptides among which 47 resulted novel phosphosites. Some important factors in-
volved in cytoskeleton remodeling, focal adhesions, gap junction assembly and cell activation have been found di+erentially phosphorylated, 
highlighting their pivotal role in early VSMC reorganization and suggesting a novel starting point to assess the precise actors of VSMC acti-
vation and their roles.  

Keywords: quantitative phosphoproteomics; SILAC; VSMC activation; PDGF-BB. 
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lation [12]. Similarly, Liu et al  observed the promotion of 
VSMC proliferation via the phosphoinositol-3-kinase/
Protein Kinase B (PI3K/Akt) pathway induced by apelin-13 
[13]. Recently, in an in vivo rat carotid injury model, overex-
pression of Smad3 produced an increase in phosphorylated 
extracellular signal-regulated kinases (ERK) mitogen-
activated protein kinases (MAPK) as well as increased 
VSMC proliferation [14].   

Several MS-based quantiBcation methods have been ex-
ploited for the study of the phosphoproteome [15, 16, 17], 
highlighting how accuracy and reliability of phosphorylation 
sites identiBcation and quantitation is of key importance. 
Among others, stable-isotope labeling of amino acids in cell 
culture (SILAC) is a simple and straightforward approach 
[18], which allows the metabolic labeling in living cells and 
minimizes variations that could be introduced during  sam-
ple preparation. However, some limitations still remain in a 
global phosphoproteomics approach, due to the low amount 
of phosphorylated proteins [19], and these are overcome by 
the use of phosphopeptide enrichment methods [20,21,22].  

In this work, we used SILAC in a multi-strategy combined 
method for phosphopeptides enrichment in order to gain 
insights into the phospho-modulation of VSMC proteome 
stimulated by PDGF-BB. In particular, as the phosphoryla-
tion events are really fast and dynamic, we analyzed two 
di+erent time points aDer stimulation: 10 minutes and 2 
hours. 1300 phosphopeptides, clustering into 380 protein 
groups were identiBed. Among them, 21 phosphopeptides 
(corresponding to 16 proteins) resulted phospho-modulated 
at di+erent times upon PDGF-BB stimulation. -ese pro-
teins are involved in cytoskeleton remodeling, focal adhe-
sions, gap junction assembly and cell activation indicating 
that the events related to PDGF-BB phosphorylation path-
way are the triggering phenomena  in VSMC activation. 

2. Material and methods 

2.1 Chemicals, standards and consumables  

ACN, water, formic acid used for LC-MS analysis were 
from Fluka, Sigma Aldrich St. Louis, MO; sequencing grade 
trypsin was purchased from Promega (Madison, WI). SI-
LACTM  DMEM  medium, fetal bovine serum (FBS), L-
lysine, L-arginine, [13C6]-L-Lysine and [13C6]-L Arginine 
were purchased from Invitrogen (USA, CA). [U-13C6, U-
15N2] Lysine and [U-13C6,U-15N4] Arginine were pur-
chased at CIL (USA). Recombinant Human PDGF-BB was 
from R&D (USA). Coomassie Plus protein assay was from 
Pierce, Bio-Spin Column from Biorad and PHOS-Select Iron 
AWnity Gel (IMAC resin) was purchased from Sigma Al-
drich. All other chemicals were purchased from Sigma Al-
drich. 

2.2 Cell Culture and SILAC-Labeling  

SILACTM  D-MEM medium containing 2 mM L-

Glutamine, 10% dialyzed FBS, and 100 U/mL penicillin and 
streptomycin was supplemented with 100 mg/L L-lysine and 
100 mg/L L-arginine; 100 mg/L [13C6]-L-Lysine and 100 mg/
L [13C6]-L Arginine or 100 mg/L [U-13C6, U-15N2] Lysine 
and 100 mg/L [U-13C6,U-15N4] Arginine to prepare the 
“Light” (L), “Medium” (M)” or “Heavy” (H) SILAC culture 
media, respectively. VSMCs were obtained from coronaries 
of 8-month-old domestic crossbred pigs (Sus scrofa domesti-
ca) and the investigation was conformed to Ministerial Decree 
to authorize testing n.06/2009-b. Cells isolation was per-
formed according to the method described by Christen et al 
[23] and VSMCs were expanded in SILAC medium for 6 
doublings to ensure nearly 100% incorporation of labeled 
amino acids.  For the experiments three biological replicates 
( cells isolated from at least three di+erent  pieces of coro-
nary coming from three di+erent  animals) and then pooled 
before analysis. Prior to cell treatment, all “heavy”, 
“medium” and “light” cells were cultured overnight in their 
corresponding SILAC media without FBS. For PDGF-
treatment, medium labeled cells (M) were treated for 10 
minutes (t10min) with 100 ng/mL of PDGF-BB; heavy la-
beled cells (H) were stimulated for 2 hours (t2h) with PDGF-
BB while Light labeled cells (L) were not treated with the 
growth factor (t0).  

2.3 Protein lysate preparation and in-solution digestion  

VSMCs were harvested with trypsin and lysed in 50mM 
Tris-HCl pH 8, 0.25% sodium deoxycholate, 0.5% Triton 
X100, 10mM sodium orthovanadate, 5mM sodium \uoride. 
For each of three specimens (L, M and H cells), three million 
cells were re-suspended in 400 µl of lysis bu+er. ADer 30 min 
in ice, samples were sonicated and then centrifuged at 
10000xg for 30 min at 4 °C to produce a clariBed lysate. L, M 
and H VSMC lysates were mixed at 1:1:1 [w/w] ratio, the 
protein amount was determined by Coomassie Plus protein 
assay. In total, 9 mg of the 1:1:1 mixed protein lysate was 
precipitated with a standard chloroform/methanol precipita-
tion protocol. Precipitated proteins were re-suspended in 
450 µl of 100 mM Tris-HCl pH 8. 

DisulBde bonds were reduced with 5 mM DTT for 60 min 
at room temperature, and then the free sul^ydryl groups 
were alkylated with 10 mM iodoacetamide at room tempera-
ture  in the dark for 30 min. Protein digestion was per-
formed using a total of 18 µg of sequencing grade trypsin 
with 15 h incubation at 37°C. 

2.4 Strong Cation Exchange (SCX) Chromatography 

Preparative separations were carried out with SCX resin, 
using Bio-Spin Microcolumns. -e Brst equilibration resin 
step was carried out using 4.5 mL of solution A (5 mM 
KH2PO4, pH 2.65; 30% ACN; 0,1% TFA) for 5 min. -en 4.5 
mL of regeneration bu+er were used (5mM KH2PO4, 30% 
ACN, 0.1% TFA, 1M KCl, pH 2.7). -e Brst step was repeat-
ed. -e peptide mixtures were diluted with 4.5 mL of SCX 
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solution A and placed on the resin at room temperature for 
40 minutes. Increasing concentrations of solution B (5mM 
KH2PO4, 30% ACN, 0,1% TFA, 350mM KCl, pH 2.7) from 
5% to 100% in 7 steps (5, 10, 15, 20 ,25, 50, 100) were used to 
elute peptides. 

2.5 Immobilized Metal-A&nity Chromatography (IMAC) 

PHOS-Select Iron AWnity Gel was used for IMAC frac-
tionation using the same microcolumn. As Brst step, resin 
was washed three times with 200 μL of binding solution 
(0.1% TFA, 30% ACN ). 50μL of PHOS-Select slurry were 
added to each SCX fraction. ADer 60-min incubation at 
room temperature with vigorous shaking, the supernatant 
was removed (IMAC \ow-through). -e resin was washed 
with 200 μL of binding solution and added to IMAC \ow-
through. -e mono-phosphorylated peptides and non-
phosphorylated peptides were eluted from IMAC resin using 
acidic conditions (200 μL of 1% TFA, 20% ACN), while the 
poly-phosphorylated peptides were subsequently eluted 
from the same IMAC resin using ammonium hydroxide 
(200 μL of NH4OH pH 11.2). ADer concentration (from 1mL 
to 0.1mL) in dry vacuum the pooled \ow-through was fur-
ther analyzed by TiO2 chromatography. -e mono-
phosphorylated peptide fraction was also subjected to TiO2 
chromatography as described below. Basic elution samples 
were submitted to LC-MS/MS analysis directly.  

2.6 Titanium Dioxide (TiO2) Chromatography 

Samples were diluted nine times with TiO2 binding solu-
tion (5mg/mL DHB, 80% ACN and 3% TFA). 160 mg of 
TiO2 resin were re-suspended in 1.4 mL of TiO2 binding 
solution. 200µl of TiO2 resin slurry were added to each sam-
ple for 30 min at room temperature. -e supernatant was 
removed by centrifugation in a microcolumn. Non- speciBc 
binders were removed by two washes with 500 µl of 50% 
ACN, 0.2% TFA solution. Phosphopeptides bound  were 
eluted from  TiO2 micro-columns using 200 µL of ammoni-
um hydroxide, 40% ACN pH 12.5 followed by 100 µL of 
100% ACN.  

2.7 Mass Spectrometry  

Mass spectrometry analysis was performed on a LTQ-
Orbitrap mass spectrometer (-ermo ScientiBc, Bremen, 
Germany). Tryptic digests for each sample were cleaned us-
ing Stage Tips as described previously [24] and then injected 
in a capillary chromatographic system (EasyLC, Proxeon 
Biosystems, Denmark); Peptide separation occurred on a 
homemade column obtained with a 10-cm fused silica capil-
lary (75 µm inner diameter and 360 µm outer diameter; 
Proxeon Biosystems) Blled with 3 µm resin Reprosil-Pur C18 
(Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) us-
ing a pressurized “packing bomb”. A gradient of eluents A 
(distilled water with 2% (v/v) ACN, 0.1% (v/v) formic acid) 

and B (2% (v/v) ACN, distilled water with 0.1% (v/v) formic 
acid) was used to achieve separation from 8% B (at 0 min, 
0.2 µL-min \ow rate) to 50% B (at 80 min, 0.2 µL-/min \ow 
rate). -e LC system was connected to the Orbitrap 
equipped with a nanoelectrospray ion source (Proxeon Bio-
systems). Full-scan mass spectra were acquired in the mass 
range m/z 350 to 1500 - and with the multistage activation 
enabled for neutral loss of phosphoric acid [32.66, 48.99, and 
97.97 atomic mass units (amu)][25]. All full-scan spectra 
were recalibrated in real time with the lock-mass option [26]. 
-e 5 most intense doubly and triply charged ions were au-
tomatically selected and fragmented in the ion trap.  

2.8 Data analysis  

-e raw MS data were processed and analyzed using 
MaxQuant soDware version 1.0.13.13. -e required FDR was 
set to 0.01 at both the peptide and protein level and the min-
imum required peptide length was set six amino acids. -e 
MS/MS spectra were searched against Uniprot mammalia 
2010_07 database supplemented by frequently observed con-
taminants, concatenated with reversed versions of all se-
quences. Mascot (version 2.2.07) was used for the database 
search. Enzyme speciBcity was set to trypsin, additionally 
allowing up to two missed cleavages. -e search included 
cysteine carbamidomethylation as Bxed modiBcation and N-
acetylation of protein, oxidation of methionine, and phos-
phorylation of serine, threonine and tyrosine as variable 
modiBcations. Protein SILAC ratios are reported as the me-
dian of the ratios derived from SILAC triplets assigned to the 
protein. For phosphopeptides, the phosphorylation site(s) 
were assigned with a modiBed version of the PTM score [27] 
given in MaxQuant. MaxQuant automatically quantiBed 
SILAC peptides and proteins. SILAC protein ratios were 
calculated as the median of all peptide ratios assigned to the 
protein. Ratio Variability was less than 30%. Systematic devi-
ations, such as mixing errors, were corrected by the quanti-
tation algorithm in the MaxQuant soDware by normalizing 
all peptide ratios such that the mean of all log-transformed 
ratios were zero. A posterior error probability for each MS/
MS spectrum below or equal to 0.1 was required. In case the 
identiBed peptides of two proteins were the same or the 
identiBed peptides of one protein included all peptides of 
another protein, these proteins (e.g. isoforms and homologs) 
were combined and reported as one protein group. Phos-
phorylation sites were made non-redundant with regards to 
their surrounding peptide sequence. Nevertheless all alterna-
tive proteins that matched a particular phosphosite were 
reported as one group. -e PTM score was used for assign-
ment of the phosphorylation site(s) as described [27]. To 
match identiBcations across di+erent replicates and adjacent 
fractions, the “match between runs” option in MaxQuant 
was enabled within a time window of 5 min. 
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2.9 Bioinformatics analysis 

We based the annotation of proteins on Uniprot identiB-
ers. Pathway membership information was obtained from 
the KEGG database (http://www.genome.jp/kegg/
pathway.html). Phospho_ELM BLAST Search PhosphoSite 
(http://phospho.elm.eu.org/pELMBlastSearch.html) data-
base was used to retrieve known phosphorylated sites and 
relative kinases. 

2.10 SILAC incorporation 

For incorporation test, a small aliquot of cells was lysed 
using the above mentioned protocol. Brie\y, 10μg of total 
lysate were loaded on SDS-PAGE. A section of the gel was 
digested with trypsin, and peptides were puriBed on 
StageTips and analyzed with a single LC-MS/MS run. Raw 
Bles were processed by MaxQuant analysis to determine the 
ratio of heavy labeled peptides to the remaining unlabeled 

ones. -e calculation for lysine- and arginine-containing 
peptides was performed separately. -e probability density 
function analysis was obtained by kernel density estimation 
(KDE) using the R soDware package (ver. 2.10.1) (Figure 1–
Supplementary data). 

3. Results and Discussion 

3.1 Work.ow: description and assessment 

In this study, we performed SILAC experiments to quanti-
fy changes in phosphorylation upon PDGF-BB stimulus. -e 
schematic experimental work\ow is depicted in Figure 1. 
One advantage of SILAC is that it allows the combination of 
di+erentially labeled protein samples early  during sample 
preparation. -is is especially important for the experiments 
related to this study because several sample fractionation 
and enrichment steps were involved. Our method combines 
SILAC for phosphopeptide quantitation, SCX fractionation, 

Figure 1. Schematic work\ow representation. Primary VSMCs, were cultured and stimulated with PDGF-BB at di+erent time and di+er-
ent SILAC medium (L for t0; M for t10minand H for t2h ). Protein extracts were mixed 1:1:1 and enzymatically in solution digested. -e 
resulting peptide mixtures were separated into 7 fractions by SCX fractionation. Every fraction was enriched for phosphopeptides using Brst 
IMAC and then, TiO2 beads.  Only the 14 di+erent sample fractions obtained aDer IMAC (7 fractions) and aDer TiO2 (7 fractions) were 
analyzed by LC-MS/ MS (fractions marked with §). Two technical LC-MS/MS replicates were examined for each fraction.  
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sequential elution from IMAC (SIMAC) [28] and multi-
stage LC-MS to obtain a highly accurate phospho selection 
and identiBcation. Primary VSMCs, obtained from pig coro-
nary arteries, were cultured and stimulated with PDGF-BB 
(100 ng/mL) for 10 minutes and 2 hours and labeled with 
both arginine and lysine using three distinct isotope forms 
(L for t0, M for t10minand H for t2h ). Protein extracts were 
mixed 1:1:1 and enzymatically digested in solution. -e re-
sulting peptide mixtures were separated into 7 fractions by 
SCX [29] and phosphopeptides enriched by IMAC [30, 31]. 
Every fraction was enriched in phosphopeptides using Brst 
IMAC and then, TiO2 beads.  

Only the 14 di+erent  fractions obtained aDer IMAC (7 
fractions, see Bgure 1) and aDer TiO2 (7 fractions, see Bgure 
1) were analyzed by LC-MS/ MS, to speciBcally identify 
phosphor-peptides and proteins. Two replicates of each frac-
tion were examined by online liquid chromatography on a 
linear ion trap/Orbitrap mass spectrometer. Each peptide 
was eluted as characteristic triplets: one peptide unlabeled 
for t0 and the other two peptides di+erently labeled on argi-
nine or lysine for the two di+erent PDGF-BB stimulation 
times (t10min and t2h). -e intensity of each component of 
triplet re\ects the relative amounts at the three time points 

chosen. Technical reproducibility of SILAC quantiBcation 
for each peptide was proved to be really excellent (R2 > 0.93) 
(Figure 2-Supplementary data). 

Comparing results in terms of phosphopeptides identiBca-
tion, TiO2 selection enable the identiBcation of 86% of the 
total phosphopeptides, with only 12% overlapping with 
IMAC selection (Figure 2A).   

Considering that the SILAC approach was applied for the 
Brst time to VSMC model to quantitatively analyze time-
course modiBcations, we evaluated the level of labeled amino 
acid incorporation in these primary cells and the possible 
cellular morphological changes induced by the treatments. 
Labeling eWciency, calculated separately for lysine- and for 
arginine-containing peptides, was very high, above 96% for 
both labeled samples (M and H ) (Figure 1, panel ASupple-
mentary data) demonstrating both the feasibility of SILAC 
quantitation in primary VSMCs and the precision of the 
experiment (Figure 1, panel B_Supplementary data). Moreo-
ver, confocal microscope images obtained staining VSMCs 
with the speciBc marker a-SM-actin showed no di+erences 
in cell morphology and/or marker distribution in cells 
grown in the three SILAC media compared to those cultured 
in standard conditions (data not shown).  

Figure 2. Characterization of identiBed proteins. A:Venn diagram compares the number of phosphorylated peptides identiBed in TiO2 
and IMAC fractions. B: percentage of peptides identiBed in Sus scrofa dataset. C: KEGG pathway analysis. D: analysis of total non-redundant 
identiBed phosphopetides.  
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3.2 Phosphoproteome analysis of PBGF-BB stimulated 
VSMCs 

Quantitation of phosphorylation sites was obtained via 
MaxQuant analysis [32]. A total of 42 LC- MS/MS analyses 
allowed the identiBcation of a total of 1300 phosphopeptides 
distributed on 380 protein groups (see Supplementary Table 
1 and 2). Although satisfactory, these data are underestimat-
ed owing to the partial completion of the Sus scrofa database 
[33]. In order to compensate this shortcoming we used the 
Uniprot cp mammalia database to identify not only phos-
phopeptides belonging to Sus scrofa but also phosphorylated 
peptides highly homologous in other mammalian species 

(Figure 2B).  
Phospho_ELM BLAST Search PhosphoSite was used to 

look for novel, still unidentiBed, phosphorylated sites. 
Among the non-redundant 113 phosphorylated sites identi-
Bed, 42% (corresponding to 47 new phosphorylation sites) 
were not yet previously reported in Mouse-Human database 
(identiBed through sequence homology between Pig and 
Mouse-Human) (see Supplementary Table 1 and Figure 2D). 
For the phospho-modulated proteins, more than 50% of the 
sites were identiBed as new in the Mouse-Human database. 

 It is worth noting that all identiBed phosphorylation sites 
are not present in the Sus Scrofa database highlighting the 
great drawback of using pig as a model organism. Notwith-

Protein Name KEGG Pathway 
N°P-sites 
 (STY) 

AA Probable Phospho (STY) 10’ 2h Known site Best Motif 

Calreticulin 
Protein processing 
in ER 

1 Y FY(1)GDQEKDK ▲       

Gap junction alpha-1 protein 
(Connexin 43) 

Gap junction 1 S 
KLDAGHELQPLAIVDQRPSS(0.926)
R 

▲     CAMK2 

Gap junction alpha-1 protein 
(Connexin 43) 

Gap junction 1 S ASS(0.988)RPRPDDLEI ▲   Known site CAMK2 

Gap junction alpha-1 protein 
(Connexin 43) 

Gap junction 1 S AS(0.5)SRPRPDDLEI ▲     PKA 

60S acidic ribosomal protein P2 Ribosome 1 S KEESEES(1)DDDMGFGLFD ▲ ▲ Known site CK1 

60S acidic ribosomal protein P2 Ribosome 1 S KEES(1)EESDDDMGFGLFD ▲ ▲     

High mobility group protein 
HMG-I/HMG-Y 

  1 S KLEKEEEEGISQES(0.9)SEEEQ ▲ ▲ Known site CK2 

High mobility group protein 
HMG-I/HMG-Y 

  2 S 
KLEKEEEEGISQES(0.998)S(0.998)
EEEQ 

▲ ▲ Known site CK2 

HSP27   1 S QLSSGVS(0.73)EIQQTADR   ▲ Known site CK1 

Caldesmon VSMC contraction 1 S QSVDKVTS(0.967)PTKV   ▲     

Filamin A   1 S APS(1)VANVGSHCDLSLK ▼     PKA/AKT 
PDZ and LIM domain protein 5   1 S SPS(0.746)WQRPNQAAPSTGR ▼       

Vinculin  Focal adhesion 1 S DPTAS(1)PGDAGEQAIR ▼       

MCG7378;Sec61 beta subunit; 
translocation complex beta 
variant 

Protein processing 
in endoplasmic ER 

1 S PGPTPSGTNVGSSGRS(0.949)PSK ▼   Known site CDK2 

Nucleophosmin   1 S LLSIS(1)GK ▼   Known site NEK6 

Aa2-041;BCL2-associated tran-
scription factor 1, isoform 
CRA_a 

  1 Y Y(0.414)SPSQNSPIHHIPSR ▼ ▼ Known site   

Coiled-coil domain-containing 
protein 67 

  1 S VLYQTHLVSLDAQQKLLS(0.99)EK ▼ ▼   GSK3 

Collapsin response mediator 
protein 4 long variant 

  1 S GS(0.986)PTRPNPPVR ▼ ▼ Known site DYRK2 

Collapsin response mediator 
protein 4 long variant 

  1 T GSPT(0.777)RPNPPVR ▼ ▼   CDK2 

EPLIN-b   1 S 
LENEETLERPAQLPNAAEIPQS(1)
PGVEDAPIAK 

▼ ▼   WGroupIV 

Ybx1 protein;Nuclease-
sensitive element-binding pro-
tein 1 

  1 S 
NYQQNYQNSES(0.598)
GEKNEGSESAPEGQAQQR 

▼ ▼ Known site   

Table 1. Di+erentially phosphorylated peptides. Proteins corresponding to the peptides are reported in the Brst column. -e numbers 
of phosphorylation sites, the putative amino-acidic phosphorylated residues, the enzymes likely involved in the phosphorylations are indicat-
ed. -e columns tagged as 10min and 2h quote the phosphorylation trend at 10 minutes or 2 hours aDer stimulation (▲; up-regulated, ▼;  
down-regulated) . -e last two columns report the information on the known phosphorylation site.  
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standing, pig remains an important animal model for cardio-
vascular disease experimentations and thus it could be valua-
ble to annotate the database with our Bndings. 

Using 1.7 fold as SILAC ratio cuto+ (corresponding to P < 
0.05 as calculated by MaxQuant signiBcance B and  using the 
ratio M/L and H/L normalized by MaxQuant on median 
intensity), we found 21 phosphopeptides statistically modu-
lated at di+erent times of stimulation (Table 1, Figure 3 ). 
Ten of them (belonging to 6 di+erent proteins) were up-
regulated, while the remaining eleven (belonging to 10 
di+erent proteins) resulted to be down-regulated upon 
PGDF-BB stimulation at both time points. 

One potential concern for quantitative phosphoprote-
omics is that changes in protein expression can a+ect phos-
phopeptide/phosphoprotein ratios. In our SILAC analyses, 
for each replicate, we used the same cell population under 
the same growing conditions. At the last passage, cells were 
subdivided in three groups, all of them cultured for 24h 
without serum and aDerwards two parts were  treated with 
PDGF-BB as indicated while the thirdset of cells was leD 
untreated. -e time of treatment was short and thus we rea-
soned that it would not lead to signiBcant changes in protein 
expression.  -is hypothesis was also conBrmed from the 
analysis of the ratio M/L and H/L of the entire proteome 
identiBed (Figure 3 and 4-Supplementary data.) Before har-
vesting, cells were counted in order to use in the successive 
analyses the same number of them for each treatment.  

KEGG pathway analysis of the identiBed phosphoproteins 
revealed that phosphorylation events in the activation pro-
cess induced by PDGF-BB are involved in several functions 
including RNA and protein processing, extra cellular matrix 
(ECM)-receptor interaction, VSMC contraction, gap junc-
tion regulation and oxidative phosphorylation (Figure 2C). 

-e most represented functions (RNA and protein pro-
cessing) are related to transcription and translation activities. 
-is last observation is interesting since the early events 
(from 10 min to 2h of growth factor stimulation) are initial 
stages towards   the acquisition of the activated, synthetic 
phenotype which  extensively engaged in new proteins syn-
thesis.  

Finally, it is interesting , the analysis of the kinases poten-
tially involved in the activation process induced by PDGF-
BB . Figure 4 shows the results of phosphopeptides that were 
predicted to be associated with kinase binding motif by 
SCANSITE. -e computer algorithm SCANSITE was used 
to predict the kinase substrate relationship from dataset. -e 
panel A shows the known motif distribution for all identiBed 
phosphorylation sites. -e panel B shows instead the same 
analysis restricted for the sites of modulated proteins in our 
“in vitro” cardiovascular pathogenesis model. -e analysis of 
the most frequent protein kinase related with the phospho-
modulated proteins were normalized in order to better ana-
lyze the frequency of phosphorylation motif in our system. 
(Figure 4 panel C) 

It is interesting to note that Ca2+/calmadulin-dependent 
protein kinases 2  (CAMK2), cyclin-dependent kinase 2 
(CDK2) and casein kinase 1 (CK1) appear to be mainly in-
volved in the signaling evoked during VMSC activation in-
duced by PGDF-BB. In particular, the modulation of HSP27 
and gap junction a-1 protein (connexin 43), seems to be rele-
vant for VSMC phenotype changes. HSP27 has been recently 
demonstrated to be phosphorylated aDer PDGF-BB stimula-
tion and to exert a role in VSMC de-di+erentiation through 
cytoskeleton remodeling [34]. 

Connexin 43 is the major protein of gap junctions and it is 
highly expressed in the neointima during the early stage of 

arteriosclerosis [35,36]. It has been 
shown that connexin 43 phosphoryla-
tion can regulate the early assembly of 
functional gap junctional channels 
[37].  
It is also worth discussing the modula-
tion of other proteins such as calreticu-
lin, Blamin A (FLNA), PDZ LIM pro-
tein 5 and vinculin, since also the mod-
ulation of these proteins might be in-
volved in VSMC activation. 
Vinculin is a membrane protein that 
links adhesion molecules to actin cyto-
skeleton and has a key role in modulat-
ing focal adhesion structures and func-
tions thus controlling cell migration. 
-e phosphorylation of Vinculin on 
tyrosine and serine is well-known and 
seems to regulate actin Blament assem-
bly and cell spreading [38,39,40]. 
Also the PDZ and LIM domain protein 
family is involved in focal adhesion 
assembly [41]. LIM and PDZ domains 

Figure 3. Quantitative phosphoproteomic analysis of PBGF-BB stimulated VSMCs . Scat-
ter plot of the ratios M/L or H/L versus intensities of the identiBed phosphopeptides.  Up-
regulated phosphopeptides are grouped in the red circle, while in the blue circle the down-
regulated ones are highlighted. 
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may have diverse functions but essentially they provide 
recognition sites for assembling multiprotein complexes and 
cytoskeleton. Noteworthy, PDZ-domain-containing proteins 
serve as sca+olds for assembling complexes involved in cell-
cell junctions and signal transduction [42,43]. -e extent 
and role of phosphorylation in modulating the biological 
functions of these proteins has been poorly investigated. 

Caldesmon is an actin-binding protein that plays an essen-
tial role in the regulation of cytoskeleton organization mod-
ulating VSMC contraction and stabilizing stress Bbers and 
focal adhesions. It has been demonstrated that phosphoryla-
tion decreases its actin-binding capacity thereby allowing 
dynamic changes of actin cytoskeleton that lead to motility 
and likely activation [44]. 

Also Blamin A is an actin-binding protein and it regulates 
re-organization of cytoskeleton. It is essential for cell loco-
motion, interacting with integrins and membrane receptor 
complexes in VSMCs [45, 46]. Recently, it has been shown 
that phosphorylated Blamin A regulates actin-linked caveo-
lae dynamics [47], moreover, phosphorylation seems to facil-
itate Blamin A binding to integrin suggesting a role, modu-
lated by the degree of phosphorylation, as a mechano-sensor 
[48]. 

Calreticulin is an endoplasmic reticulum-resident chaper-

one that binds misfolded proteins and prevents them from 
being exported, but it is also found in the nucleus and thus 
may have a role in transcription regulation. More recently, 
an important role of serine de-phosphorylation and tyrosine 
phosphorylation on mRNA stability of angiotensin II recep-
tor type 1 (AT1) receptor was investigated [49]. -is recep-
tor mediates important biological e+ects in VSMCs, such as 
proliferation, vasoconstriction and reactive oxygen species 
release [50].  

It is interesting to underline that up- and down-
phosphorylation events are equally represented at early 
times aDer stimulation. Probably, once PDGF-BB growth 
factor binds to its receptor, within a few minutes a cascade of 
kinases and phosphatases activate a series of biological 
events and the phosphorylation state of several proteins 
changes dramatically. As discussed previously, these early 
events, even if phenotypically imperceptible, are decisive for 
the activation process in VSMCs [6,10], and the entire reor-
ganization of the cell structure.  

4. Concluding Remarks 

In summary, we performed for the Brst time a quantitative 
phosphoproteome analysis on primary VSMCs in order to 

investigate biological events in-
duced by PDGF-BB stimulation. 
Moreover, the SILAC approach 
applied to VSMC model allowed 
evaluation of time-course modiBca-
tions in a quantitative manner. Our 
approach allowed  the identiBca-
tion of 1300 phosphopeptides, one 
hundred of them resulted novel 
phospho-sites in pig model, 47 of 
which are new even in Mouse-
Human databases. Furthermore, in 
VSMC signaling events, some im-
portant factors involved in cyto-
skeleton remodeling, focal adhe-
sions, gap junction assembly and 
cell activation were found di+eren-
tially phosphorylated these early 
phosphorylations, pointed out here 
for the Brst time can be considered 
the starting point for the activation 
and the reorganization of VSMC.  

5. Supplementary material 

Supplementary data and infor-
mation is available at: http://
www.jiomics.com/index.php/jio/rt/
suppFiles/126/0. 
Supplementary Material includes 
Supplementary Tables 1 (List of 
total identiBed peptide), 2 (List of 

Figure 4. Analysis of the identiBed phosphopeptides: A: analysis of all identiBed phospho-
petides. B: analysis of modulated phosphopeptides . C: frequency of known motifs in modulat-
ed proteins with respect to the entire list.  
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total identiBed groups of proteins) and Supplementary Data 
(Supplementary Figure 1, 2,3 and Figure 4). 
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Nutritional evaluation for individual persons is important 
because the metabolic ability is not the same. *e method 
that has been used frequently involves recording dietary 
intake and calculating nutrient intake. Another approach to 
evaluate nutritional status involves using biomarkers such as 
blood and urine samples. 

We reported that the urinary excretory amounts of water-

soluble vitamins closely re2ect the surplus amount of water-
soluble vitamins in the bodies of rats [1–15] and humans [16
–27]. *e nutritional assessment using biomarkers is 
persuasive, and leads readily to the transformation of 
habitual dietary intakes. *us, we tried to set tentative 
amounts of urinary excretion for eight water-soluble 
vitamins of nine water-soluble vitamins (except vitamin B12) 
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Abstract 

1. Introduction 

Previously, we clariPed that the amount of urinary excretion of water-soluble vitamins closely re2ects the surplus amount of water-soluble 
vitamins in the body stores of rats and humans. We tried to set a tentative amount of urinary excretion of eight water-soluble vitamins of 
nine water-soluble vitamins (except vitamin B12) for maintaining health based on experiments in healthy young females administered a semi-
chemically dePned diet according to Japanese Dietary Reference Intakes and related data. We proposed a tentative value for the amount of 
urinary excretion of water-soluble vitamins for maintaining health. *e values were: 200–2000 nmol/d for vitamin B1; 200–2000 nmol/d for 
vitamin B2; 2–15 µmol/d for 4-pyridoxic acid (a catabolite of vitamin B6); 50–300 µmol/d for the sum of the nicotinamide catabolites N1-
methylnicotinamide, N1-methyl-2-pyridone-5-carboxamide, and N1-methyl-4-pyridone-3-carboxamide; 10–30 µmol/d for pantothenic acid; 
15–100 nmol/d for folate; 50–200 nmol/d for biotin; and 100–2000 µmol/d for vitamin C. By using these values, we attempted to evaluate the 
nutritional status of water-soluble vitamins for 709 young Japanese females. *e percentage within the tentative value of urinary excretion of 
water-soluble vitamin for maintaining health was 73.6% for vitamin B1, 63.5% for vitamin B2, 90.0% for vitamin B6, 85.6% for niacin, 58.1% 
for folate, 85.6% for pantothenic acid, 70.2% for biotin, and 65.4% for vitamin C. *e percentage beyond the lower limit of detection was 
22.4% for vitamin B1, 31.3% for vitamin B2, 6.2% for vitamin B6, 14.0% for niacin, 40.9% for folate, 12.4% for pantothenic acid, 26.2% for 
biotin, and 33.0% for vitamin C. *e percentage over the upper limit of detection was 4.1% for vitamin B1, 5.2% for vitamin B2, 3.8% for vita-
min B6, 0.4% for niacin, 1.0% for folate, 2.0% for pantothenic acid, 3.6% for biotin, and 1.6% for vitamin C. Nutritional assessment using 
urinary excretion amounts of water-soluble vitamins is persuasive, and leads to the transformation of habitual dietary intakes.  

Keywords: Urine; Water-soluble vitamins; Reference value; Human; Evaluation. 

Abbreviations: 

 

DRIs, dietary reference intakes; MNA, N1-methylnicotinamide; 4-PIC, 4-pyridoxic acid; 2-Py, N1-methyl-2-pyridone-5-carboxamide; 4-Py, 

N1-methyl-4-pyridone-3-carboxamide; PteGlu, pteroylmonoglutamic acid.  
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for preventing water-soluble vitamin dePciency and its 
toxicity of excess intake for maintaining health in adults. *e 
method was applied for evaluation of the status of water-
soluble vitamins for young Japanese females.  

2. Material and Methods 

*e study protocol was reviewed and approved by the 
Ethical Committee of the University of Shiga Prefecture 
(Shiga, Japan). 

2.1. A semi-chemically de�ned diet experiment to calculate 
tentative urinary excretion amounts of eight water-soluble 
vitamins of nine water-soluble vitamins (except vitamin B12) 
for maintaining health  

2.1.1. Subjects 

We enrolled 20 healthy female Japanese college students. 
*eir ages, body weights and heights were 21.2 ± 0.7 y (mean 
± SD), 163.9 ± 3.7 cm, and 54.2 ± 1.1 kg, respectively. Before 
experimentation, they underwent a physical examination. 
*eir hematological and blood biochemical analyses showed 
normal values.  

2.1.2. Diet and experimental design 

All subjects were housed in the same facility for 9 days. 
*e experimental design is the same as that shown in a 
previous report [17]. *e experimental design is the same as 
in a preceding article [17]. *e subjects took a semi-puriPed 
diet including vitamins based on Japanese Dietary Reference 
Intakes (DRIs) [28] during the experiment. *e diet 
consisted of wheat 2our, gluten, gelatinized-cornstarch, 
sucrose, soybean oil, rapeseed oil, lard, soluble dietary Pber, 
insoluble dietary Pber and mineral mixture. *e diet 
contained 1,800 kcal/d of energy, 55 g/d of protein, 40 g/d of 
fat and 292 g/d of carbohydrate. *e vitamin mixture 
contained 0.9 mg/d (2.7 µmol/d) of thiamin hydrochloride, 
1.0 mg/d (2.7 µmol/d) of ribo2avin, 1.5 mg/d (5.7 µmol/d) 
of pyridoxine hydrochloride, 2.4 µg/d (1.8 nmol/d) of 
cyanocobalamin, 2.8 mg/d (23 µmol/d) of nicotinamide and 
9.2 mg of nicotinamide equivalent derived from tryptophan 
in  protein, 5.5 mg/d (23 µmol/d) of calcium pantothenate, 
200 µg/d (453 nmol/d) of pteroylmonoglutamic acid, 30 µg/
d (123 nmol/d) of D(+)-biotin, and 100 mg/d (568 µmol/d) 
of L(+)-ascorbic acid.  

When subjects are administered the same diet for several 
days, the urinary excretion amounts of water-soluble 
vitamins become constant aVer 3 d [22]. Twenty-four-hour 
urine samples were collected from the second urinary 
excretion on d 4 to the Prst one on d 5 (referred to as “urine 
sample d 4”). Urine samples were also collected on d 5, 6, 
and 7. AVer the volumes of the urine samples had been 
measured, the collected urine samples were treated 
immediately as described in the section "Analyses" to avoid 

destruction of water-soluble vitamins. *ey were then stored 
at –20°C until needed.  

2.2. Collection of urine samples for evaluating levels of water-
soluble vitamins 

2.2.1. Subjects 

*e subjects were female Japanese college students (n = 
709). *ey consumed the diet and had a lifestyle that did not 
involve restrictions.  

2.2.2. Twenty-four-hour urine collection 

A single 24-h urine sample was collected each day. 
Subjects were instructed in writing and verbally on the 
methods of urine collection and the necessity of obtaining a 
complete 24-h urine collection. Subjects were requested to 
eat and drink normally during the collection and to follow 
their usual pattern of activity. Subjects were then provided 
with a bag, three or four 1-L plastic bottles (containing no 
additives) and ten 400-mL cups. A recording sheet was 
provided. In the morning, subjects were asked to discard the 
Prst specimen and to record the time (usually 06:00–09:00 h) 
on the sheet (the start of the collection period). Subjects were 
asked to collect all specimens by the time of the start of the 
collection period the following morning. If a specimen was 
missed, subjects were asked to record the estimated volume 
of missing urine and the time. *e following morning, 
subjects were asked to collect the last specimen at the time 
when the specimen was discarded the previous morning, and 
record the time on the collection sheet (the end of the 
collection period). *e collection sheet was reviewed by the 
research sta\ when the samples were returned, and missing 
information was obtained from the subjects. *e height of 
urine in each bottle was measured and later converted into 
volume using an empirical formula based on repeated 
measurements of volume in identical bottles. All urine from 
the 24-h collection period was then combined and mixed 
thoroughly by vigorous stirring. Urinary aliquots were taken 
and used for determination of vitamins and metabolites. 

2.3. Chemicals 

Wheat 2our (soV 2our, Prst grade) was obtained Nisshin 
Flour Milling Inc. (Tokyo, Japan). Wheat gluten, gelatinized 
cornstarch, soybean oil, 13 types of vitamins, and minerals 
were purchased from Wako Pure Chemical Industries 
(Osaka, Japan). Rapeseed oil was from Ajinomoto Co., Ltd. 
(Tokyo, Japan). Coconut oil and lard were obtained from 
Clea Japan (Tokyo, Japan). "Fibersol", used as a soluble 
dietary Pber, was purchased from Matsutani Chemical 
Industries (Osaka, Japan), and “Ramie powder”, used as an 
insoluble dietary Pber, was from Tosco (Tokyo, Japan).  

*iamin hydrochloride (C12H17ClN4OS-HCl = 337.27), 
ribo2avin (C17H20N4O6 = 376.37), cyanocobalamin 
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(C63H88CoN14O14P = 1355.40), nicotinamide (C6H6N2O = 
122.13), calcium pantothenate (C18H32N2O10-Ca = 476.54), 
folic acid (C19H19N7O6 = 441.40), D(+)-biotin (C10H16N2O3S 
= 244.31), and L(+)-ascorbic acid (C6H8O6 = 176.13) were 
purchased from Wako Pure Chemical Industries. N1-
Methylnicotinamide (MNA) chloride (C7H9N2O-HCl = 
159.61) was obtained from Tokyo Kasei Kogyo (Tokyo, 
Japan). N1-Methyl-2-pyridone-5-carboxamide (2-Py, 
C7H8N2O2 = 152.15) and N1-methyl-4-pyridone-3-
carboxamide (4-Py, C7H8N2O2 = 152.15) were synthesized 
using the methods of Pullman and Colowick [29] and 
Shibata et al. [30], respectively. All other chemicals used 
were of the highest purity available from commercial 
sources. 

2.4. Determination of vitamins and metabolites in urine 

For the analysis of thiamin, 1 mL of 1 mol/L HCl was 
added to 9 mL of urine. Urinary content of thiamin was 
determined by the high-performance liquid chromatography 
(HPLC)-post labeled 2uorescence method [31].  

For the analysis of ribo2avin, 1 mL of 1 mol/L HCl was 
added to 9 mL of urine. Urinary content of ribo2avin was 
determined by HPLC [32].   

For the analysis of 4-PIC (a metabolite of pyridoxal), 1 mL 
of 1 mol/L HCl was added to 9 mL of urine. Urinary content 
of 4-PIC was determined by HPLC [33].  

For the analysis of vitamin B12, acetate bu\er and 
potassium cyanide were added to urine, and vitamin B12 in 
urine was converted to cyanocobalamin by autoclave [34]. 
Urinary content of cyanocobalamin was determined by the 
microbioassay method using Lactobacillus leichmannii, 
ATCC 7830 [34].  

For the analysis of MNA, 2-Py, 4-Py, and nicotinamide 
metabolites, 1 mL of 1 mol/L HCl was added to 9 mL of 
urine. Urinary content of 2-Py, 4-Py and MNA was 
determined by HPLC [30, 35].  

For the analysis of pantothenic acid, a urine sample was 
injected directly into a HPLC system [36].  

For the analysis of folate, 1 mL of 1 mol/L L(+)-ascorbic 
acid was added to 9 mL of urine. Urinary content of folate 
was determined by the microbioassay method using 
Lactobacillus rhamnosus, ATCC 27773 [37].  

For the analysis of ascorbic acid, 4 mL of 10% 
metaphosphate was added to 4 mL of urine. Urinary  ontent 
of reduced and oxidized ascorbic acid and of 2,3-
diketogulonic acid was determined by HPLC [38]. 

2.5. Statistical analyses 

Spearman correlation coe]cients were calculated to 
determine the association between a urinary vitamin and 
another urinary vitamin. Graph Pad Prism 5.0 (Graph Pad 
SoVware, San Diego, CA, USA) was used for all statistical 
analyses. 

3. Results and Discussion 

3.1. Selection of surrogate indicators for evaluating water-
soluble vitamins in urine 

A potential approach for calculating the tentative urinary 
excretion amounts of eight water-soluble vitamins of nine 
water-soluble vitamins (except vitamin B12) for maintaining 
health in apparently healthy subjects is based on the 
observation that a water-soluble vitamin or its catabolites 
can be detected in the urine. For example, the nicotinamide 
catabolite MNA is traditionally used for a surrogate 
indicator of niacin nutritional status [39].  

*e catabolites of thiamin in human urine such as 4-
methylthiazole-5-acetic acid [40], and 2-methyl-4-amino-5-
pyrimidine carboxylic acid [41] have been reported. 
However, the synthetic methods for standard chemicals and 
the practical methods of measurement have not been 
successful. *us, we chose thiamin for evaluating the 
nutritional status of vitamin B1.  

*e catabolites of ribo2avin in human urine (7 alpha-
hydroxyribo2avin and 8 alpha-hydroxyribo2avin) have been 
reported [31], but the catabolites have not been synthesized. 
*us, we chose ribo2avin for evaluating the nutritional 
status of vitamin B2. 

4-PIC is well known as a major catabolite of vitamin B6 
[33] and is from available commercial resources. *us, we 
chose 4-PIC for evaluating the nutritional status of vitamin 
B6. 

As shown in the present study, vitamin B12 is also 
eliminated into urine. However, the major elimination 
pathway is bile via the enterohepatic circulation [42], and 
not urine via the kidney. Furthermore, the amount of 
urinary excretion does not re2ect the intake of vitamin B12 
[23]. *erefore, the data on vitamin B12 are informative. We 
already clariPed that the amount of urinary excretion of 
vitamin B12 re2ects urine volume [23].  

*e metabolism of niacin in humans is well known (Fig. 
1). Nicotinamide is biosynthesized from the essential amino 
acid L-tryptophan. *e conversion amount is reported to be 
≈1 mg of nicotinamide from 60 mg of L-tryptophan [18,43]. 
Nicotinic acid cannot coin in humans under a physiological 
concentration of nicotinamide (≈0.1 mmol/L) because the 
Km value of nicotinamide deamidase (which catalyzes the 
reaction of nicotinamide → nicotinic acid) is very high (≈0.1 
mol/L) [44]. Indeed, we could not detect nicotinic acid in 
human urine as well as in rat urine [45]. Ingested nicotinic 
acid is a good precursor of NAD+ and therefore of 
nicotinamide (Fig. 1). In rat experiments, even when rats are 
administered a diet containing nicotinic acid, we could not 
detect nicotinic acid in their urine [46, 47]. Detection of 
nicotinic acid was limited only when a large amount of 
nicotinic acid (for example, a 1.0% nicotinic acid diet) [48] 
or nicotinamide (1.0% nicotinamide diet) [49] was fed to 
rats. In human experiments, even when 150 mg of 
nicotinamide was administered for 44 weeks, we could not 
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Pnd any amount of nicotinic acid in urine [50]. *erefore, in 
our opinion, nicotinic acid itself cannot be used for 
evaluating niacin nutritional status. Nicotinamide can be 
detected in human urine [50,51], but the amount is 
approximately the limit of detection even when 150 mg of 
nicotinamide is administered [50]. *erefore, nicotinamide 
cannot be used for evaluating niacin nutritional status. 
Catabolites of nicotinamide in humans are known: MNA, 2-
Py, and 4-Py (Fig. 1) [30]. MNA can be obtained from 
commercial resources, but 2-Py and 4-Py cannot. Shibata et 
al. successfully synthesized 2-Py and 4-Py [30] and showed 
that MNA, 2-Py, and 4-Py are major urinary catabolites in 
humans [30]. *us, we chose the sum of MNA, 2-Py, and 4-
Py for evaluating niacin nutritional status. 

*e catabolism of folate in humans is known. *ese 
catabolites are the cleavage products of the C-9—N-10 bond 
of folate, including p-aminobenzoylglutamate and p-
acetamidobenzoylglutamate [52,53]. In general, the 
measurement methods for the catabolites are not practical 
and straightforward. *erefore, they are di]cult to carry out 
as routine work. *us, we chose folate for evaluating the 
nutritional status of folate. In the present study, the urinary 
excretory levels of folate was measured by microbiological 
assay using L. rhamnosus, ATCC 27773 [37]. *is assay can 
use many types of folate compounds, such as 
pteroylmonoglutamic acid (PteGlu), dihydroPteGlu, 
tetrahydroPteGlu, 5-formyltetrahydroPteGlu, 10-
formyltetrahydroPteGlu, 5,10-methylenetetrahydroPteGlu, 
and 5-methyltetrahydroPteGlu, as growth factors [54]. 
*erefore, the urinary amounts in the present study did not 
contain the catabolites of folate.  

*e catabolites of pantothenic acid in human urine are not 
known. Pantoic acid and β-alanine are not the enzymatic 
degradation products of pantothenic acid but are non-
enzymatic degradation products, the reaction of which 
proceeds under acidic conditions. *us, we chose 
pantothenic acid for evaluating the nutritional status of 

pantothenic acid. 
*e catabolites of biotin in human urine are known. Mock 

et al. [55] reported that biotin is catabolized to bisnorbiotin 
and biotin sulfoxide in humans, and that the bioassay 
organism grows equally well on the biotin as well as the 
biotin metabolites present in urine. *e standard catabolites 
are not purchased from commercial sources but, in the 
present study, Lactobacillus plantarum was used as the 
bioassay organism to assess biotin. In the present study, the 
urinary excretion levels for bisnorbiotin and biotin sulfoxide 
as well as biotin are detailed. *us, we chose the sum of 
biotin and its catabolite for evaluating the nutritional status 
of biotin. 

*e catabolism of vitamin C is not well known. However, 
we know that reduced ascorbic acid → oxidized ascorbic acid 
→ 2,3-diketogulonic acid → oxaloacetic acid [38]. In the 
present study, we measured three major compounds which 
occur in urine: reduced ascorbic acid, oxidized ascorbic acid, 
and 2,3-diketogulonic acid. In the present study, the 
measurement method used can detect total osazones (into 
which the three compounds were converted). *us, we chose 
total osazones for evaluating the nutritional status of vitamin 
C. 

3.2. Tentative urinary excretion amounts of eight water-
soluble vitamins of nine water-soluble vitamins (except 
vitamin B12) for maintaining health 

Apparently healthy subjects were administered a 
chemically dePned vitamin diet followed by Japanese DRIs 
for 7 d. Daily urine samples were collected from d 4 to d 7. 
*e frequency distribution of urinary excretion of each of 
eight vitamins is shown in Fig. 2. *e minimum and PVh 
percentile urine excretion of each vitamin is described in 
Table 1. *e maximum and 95th percentile urinary excretion 
of each vitamin is described in Table 2. We have shown the 
average urinary excretion when subjects are administered a 
diet containing 3-fold levels of vitamins compared with 
Japanese DRIs [20]. Such doses are safe for maintaining 
health because no accumulation occurs in blood [20]. We 
tried to set a tentative value of urinary excretion for each 
water-soluble vitamin for maintaining health from these 
results (Fig. 1, Table 1, and Table 2). Proposed values are 
shown in Table 3.  

3.3. Evaluation of the nutritional status of water-soluble vita-
min in Japanese females 

Twenty-four-hour urine samples (n = 709) from females 
who lived and consumed a diet in an uninhibited manner 
were collected each day. Table 4 shows the minimum, 
maximum, median, and mean ± SD of each water-soluble 
vitamin. Figure 3 shows a fragmentary view of the 
histograms (with a focus on omitting extremely high 
excretion) of daily urinary excretion amounts of vitamin B1, 
vitamin B2, vitamin B6, vitamin B12, niacin, folic acid, 

Figure 1. Metabolism of nicotinamide in humans. NaMN, nico-
tinic acid mononucleotide; NaAD, nicotinic acid adenine dinucleo-
tide; NMN, nicotinamide mononucleotide. 
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Figure 2. Histograms of daily urinary 
excretion amounts of (A) vitamin B1, 
(B) vitamin B2, (C) vitamin B6*1, (D) 
vitamin B12, (E) niacin*2, (F) folates*3, 
(G) pantothenic acid, (H) biotin*4, 
and (I) vitamin C*5 in apparently 
healthy young Japanese females ad-
ministered a chemically dePned vita-
min diet followed Japanese DRIs. 
*1 Vitamin B6; the value is 4-PIC, a 
major catabolite of V.B6.  
*2 Niacin; the value is the sum of 
MNA, 2-Py, and 4-Py, which are 
major catabolites of nicotinamide. 
*3 Folates; the value is the sum of 
pteroylmonoglutamic acid (PteGlu) 
+ dihydroPteGlu + tetrahydroPteGlu 
+ 5-formyltetrahydroPteGlu + 10-
formyltetrahydroPteGlu + 5,10-
methylenetetrahydroPteGlu + 5-
methyltetrahydroPteGlu. 
*4 Biotin; the value is the sum of bio-
tin + bisnorbiotin + biotin sulfoxide 
*5 Vitamin C; the value is the sum of 
the reduced and oxidized ascorbic 
acid and its catabolite 2,3-
diketogulonic acid. 

Water-soluble vitamin 

Minimum urinary excretion 

when fed a chemically de0ned 

vitamin diet followed by Japa-

nese DRIs 

Urinary excretion at 5th percentile 

when fed a chemically de0ned vita-

min diet followed by Japanese DRIs 

Proposed 

lower limit 

of excretion 

for main-

taining 

health 

Vitamin B1 (as thiamin) 181 nmol/d 259 nmol/d 200 nmol/d 

Vitamin B2 (as ribo2avin) 205 nmol/d 284 nmol/d 200 nmol/d 

Vitamin B6 (as 4-pyridoxic acid) 1.5 µmol/d 1.8 µmol/d 2.0 µmol/d 

Vitamin B12 (as cyanocobalamin) 
70 pmol/d 87 pmol/d 

not deter-

mined 
Niacin (as sum of MNA + 2-Py + 4-Py)  46 µmol/d 52 µmol/d 50 µmol/d 

Folate (as sum of pteroylmonoglutamic acid 

(PteGlu) + dihydroPteGlu + tetrahydroPteGlu + 

5-formyltetrahydroPteGlu + 10-

formyltetrahydroPteGlu + 5,10-

methylenetetrahydroPteGlu + 5-

methyltetrahydroPteGlu)  

14 nmol/d 16 nmol/d 15 nmol/d 

Pantothenic acid 10.2 µmol/d 12.4 µmol/d 10 µmol/d 

Biotin (as sum of biotin + bisnorbiotin + biotin 

sulfoxide) 53 nmol/d 58 nmol/d 50 nmol/d 

Vitamin C (sum of reduced and oxidized ascor-

bic acid + 2,3-diketogulonic acid) 
80 µmol/d 94 µmol/d 100 µmol/d 

Table 1. Minimum urinary excretion of water-soluble vitamins in apparently healthy young Japanese females fed a chemically dePned vita-
min diet followed by Japanese DRIs. 
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Table 2. Maximum urinary excretion of water-soluble vitamins in apparently healthy young Japanese females fed a chemically dePned vita-
min diet followed by Japanese DRIs. 

Figure 3. Fragmentary view of histo-
grams (with a focus on omitting ex-
tremely high excretion) of daily urinary 
excretion amounts of (A) vitamin B1, 
(B) vitamin B2, (C) vitamin B6*1, (D) 
vitamin B12, (E) niacin*2, (F) folates*3, 
(G) pantothenic acid, (H) biotin*4, and 
(I) vitamin C*5 in apparently healthy 
young Japanese females.  
*1 Vitamin B6; the value is 4-PIC, a ma-
jor catabolite of V.B6.  
*2 Niacin; the value is the sum of MNA, 
2-Py, and 4-Py, which are major catabo-
lites of nicotinamide. 
*3 Folates; the value is the sum of 
pteroylmonoglutamic acid (PteGlu) + 
dihydroPteGlu + tetrahydroPteGlu + 5-
formyltetrahydroPteGlu + 10-
formyltetrahydroPteGlu + 5,10-
methylenetetrahydroPteGlu + 5-
methyltetrahydroPteGlu. 
*4 Biotin; the value is the sum of biotin + 
bisnorbiotin + biotin sulfoxide 
*5 Vitamin C; the value is the sum of the 
reduced and oxidized ascorbic acid and 
its catabolite 2,3-diketogulonic acid. 

Water-soluble vitamin 

Maximum urinary 

excretion when fed a 

chemically de0ned 

vitamin diet fol-

lowed by Japanese 

Urinary excretion at 

95th percentile when 

fed a chemically 

de0ned vitamin diet 

followed by Japanese 

Average urinary excretion 

when administered a diet 

containing 3-fold vita-

mins compared with 

DRIs*1 

Proposed upper limit of 

excretion for maintain-

ing health 

Vitamin B1 (as thiamin) 
930 nmol/d 782 nmol/d 2042 nmol/d 2000 nmol/d 

Vitamin B2 (as ribo2avin) 1492 nmol/d 1370 nmol/d 1654 nmol/d 2000 nmol/d 

Vitamin B6 (as 4-pyridoxic 

acid) 
4.4 µmol/d 3.6 µmol/d 12.6 µmol/d 15 µmol/d 

Vitamin B12 (as cyanocobala-

min) 
215 pmol/d 184 pmol/d no data not determined 

Niacin (as sum of MNA + 2-Py 

+ 4-Py) 
139 µmol/d 131 µmol/d 280 µmol/d 300 µmol/d 

Folate (as sum of 

pteroylmonoglutamic acid 

(PteGlu) + dihydroPteGlu + 

tetrahydroPteGlu + 5-formyl-

tetrahydroPteGlu + 10-formyl-

tetrahydroPteGlu + 5,10-

methylene-tetrahydroPteGlu + 

5-methyltetrahydroPteGlu) 

37 nmol/d 30 nmol/d 98 nmol/d 100 nmol/d 

Pantothenic acid 24.6 µmol/d 22.3 µmol/d 39.4 µmol/d 40 µmol/d 

Biotin (as sum of biotin + 

bisnorbiotin + biotin sulfoxide) 
163 nmol/d 154 nmol/d 207 nmol/d 200 nmol/d 

Vitamin C (sum of reduced 

and oxidized ascorbic acid + 

2,3-diketogulonic acid) 
244 µmol/d 215 µmol/d 1956 µmol/d 2000 µmol/d 
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Table 4. Several parameters (minimum, maximum, median, average ± SD, and tentative urinary excretion of water-soluble vitamins for 
maintaining health) in apparently healthy young Japanese females. 

  Minimum Maximum Median Average ± SD 

Vitamin B1 (nmol/d) 10 54933 426 710 ± 2208 

Vitamin B2 (nmol/d) 8 20969 348 650 ± 1300 

Vitamin B6*1 (μmol/d) 1 126.2 3.8 5.4 ± 8.5 

Vitamin B12 (pmol/d) 8 1134 79 99 ± 81 

Niacin*2 (mmol/d) 13 325 80 86 ± 42 

Folate*3 (nmol/d) 2.6 718.8 16.6 21.3 ± 34 

PaA (μmol/d) 0.3 97 15 16.7 ± 8.6 

Biotin*4 (nmol/d) 3.5 884.9 68.6 80.9 ± 59.5 

Vitamin C*5 (μmol/d) 6 3971 178 327 ± 442 

*1 Vitamin B6; the value is 4-PIC, a major catabolite of V.B6.  
*2 Niacin; the value is the sum of MNA, 2-Py, and 4-Py, which are major catabolites of nicotinamide. 
*3 Folates; the value is the sum of pteroylmonoglutamic acid (PteGlu) + dihydroPteGlu + tetrahydroPteGlu + 5-formyltetrahydroPteGlu + 10
-formyltetrahydroPteGlu + 5,10-methylenetetrahydroPteGlu + 5-methyltetrahydroPteGlu. 
*4 Biotin; the value is the sum of biotin + bisnorbiotin + biotin sulfoxide 
*5 Vitamin C; the value is the sum of the reduced and oxidized ascorbic acid and its catabolite 2,3-diketogulonic acid. 

Table 5. Trial evaluation of water-soluble vitamins in in 709 apparently healthy young Japanese females. 

  Below the lower limit (%) Within range (%) Over the upper limit (%) 

Vitamin B1 22.4 73.6 4.1 

Vitamin B2 31.3 63.5 5.2 

Vitamin B6 6.2 90 3.8 

Vitamin B12 – – – 

Niacin 14 85.6 0.4 

Folate 40.9 58.1 1 

Pantothenic acid 12.4 85.6 2 

Biotin 26.2 70.2 3.6 

Vitamin C 33 65.4 1.6 

  Tentative values for maintaining health 

Vitamin B1 (nmol/d) 200–2000 

Vitamin B2 (nmol/d) 200–2000 

Vitamin B6*1 (μmol/d) 2–15 

Vitamin B12 (pmol/d) –*6 

Niacin*2 (mmol/d) 50–300 

Folate*3 (nmol/ d) 15–100 

PaA (μmol/d) 10–40 

Biotin*4 (nmol/d) 50–200 

V.C*5 (μmol/d) 100–2000 

Table 3. Tentative urinary excretion of water-soluble vitamins for maintaining health. 

*1 Vitamin B6; the value is 4-PIC, a major catabolite of V.B6.  
*2 Niacin; the value is the sum of MNA, 2-Py, and 4-Py, which are major catabolites of nicotinamide. 
*3 Folates; the value is the sum of pteroylmonoglutamic acid (PteGlu) + dihydroPteGlu + tetrahydroPteGlu + 5-formyltetrahydroPteGlu + 10
-formyltetrahydroPteGlu + 5,10-methylenetetrahydroPteGlu + 5-methyltetrahydroPteGlu. 
*4 Biotin; the value is the sum of biotin + bisnorbiotin + biotin sulfoxide 
*5 Vitamin C; the value is the sum of the reduced and oxidized ascorbic acid and its catabolite 2,3-diketogulonic acid. 
*6 Urinary elimination is not a main pathway, so we did not try to calculate the urinary excretion of vitamin B12. 
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Figure 4. Fragmentary view of histo-
grams (with a focus on extremely high 
excretion) of daily urinary excretion 
amounts of (A) vitamin B1, (B) vitamin 
B2, (C) vitamin B6*1, (D) vitamin B12, (E) 
niacin*2, (F) folates*3, (G) pantothenic 
acid, (H) biotin*4, and (I) vitamin C*5 in 
apparently healthy young Japanese fe-
males. 
*1 Vitamin B6; the value is 4-PIC, a ma-
jor catabolite of V.B6.  
*2 Niacin; the value is the sum of MNA, 
2-Py, and 4-Py, which are major catabo-
lites of nicotinamide. 
*3 Folates; the value is the sum of 
pteroylmonoglutamic acid (PteGlu) + 
dihydroPteGlu + tetrahydroPteGlu + 5-
formyltetrahydroPteGlu + 10-
formyltetrahydroPteGlu + 5,10-
methylenetetrahydroPteGlu + 5-
methyltetrahydroPteGlu. 
*4 Biotin; the value is the sum of biotin + 
bisnorbiotin + biotin sulfoxide 
*5 Vitamin C; the value is the sum of the 
reduced and oxidized ascorbic acid and 
its catabolite 2,3-diketogulonic acid.  

Table 6. Spearman correlation between the amounts of urinary excretion of water-soluble vitamins in 709 apparently healthy young Japa-
nese females. 

  Spearman r 

  
Vitamin 

B1 

Vitamin 

B2 

Vitamin 

B6 

Vitamin 

B12 
Niacin Folate PaA Biotin 

Vitamin 

C 

Vitamin B1   0.203 0.400 -0.036 0.213 0.134 0.184 0.165 0.089 

Vitamin B2 < 0.0001   0.254 0.138 0.208 0.233 0.329 0.237 0.160 

Vitamin B6 < 0.0001 < 0.0001   0.231 0.452 0.180 0.362 0.218 0.218 

Vitamin B12 0.365 0.0003 < 0.0001   0.259 - 0.123 0.128 0.159 0.292 

Niacin < 0.0001 < 0.0001 < 0.0001 < 0.0001   0.168 0.332 0.285 0.219 

Folate 0.008 < 0.0001 < 0.0001 0.002 < 0.0001   0.270 0.177 0.107 

PaA < 0.0001 < 0.0001 < 0.0001 0.001 < 0.0001 < 0.0001   0.281 0.160 

Biotin < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001   0.134 

Vitamin C 0.025 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0001 < 0.0001 0.001   

*e values above the diagonal line are "Spearman r", and those below the line are P values (two-tailed). 
*e number of data used here is 635 because subjects who obviously took vitamin supplements were omitted.   
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pantothenic acid, biotin, and vitamin C in the study cohort. 
Figure 4 shows the fragmentary view of histograms (with a 
focus on extremely high excretion) of daily urinary excretion 
amounts of vitamin B1, vitamin B2, vitamin B6, vitamin B12, 
niacin, folic acid, pantothenic acid, biotin, and vitamin C. 
Table 5 shows a trial evaluation of water-soluble vitamins in 
the study cohort. Vitamin B2, folate, and vitamin C occupied 
>30% beyond the lower limit. *e percentage over the upper 
limit was for each water-soluble vitamin was very low. Table 
6 shows the correlation between the amounts of urinary 
excretion of water-soluble vitamins. A relatively close 
relationship between vitamin B1 and vitamin B6, as well as 
between vitamin B6 and niacin, was observed.  

Of 709 subjects, the urinary excretion of eight water-
soluble vitamins was within the tentative values for 
maintaining health (Table 3) in 181 subjects (25.5%). *e 
number of subjects in whom only one vitamin was below the 
lower limit of detection was 185 (26.1%), for two vitamins 
was 157 (22.1%), for three vitamins was 97 (13.7%), for four 
vitamins was 148 (20.9%), for Pve vitamins was (22) 3.1%, 
for six vitamins was 12 (1.7%), for 7 vitamins was 2 (0.28%), 
and for 8 vitamins was 1 (0.14%).  

*e urinary excretion of water-soluble vitamins re2ects 
that for the most recent week [25–27]. Hence, the lower 
urinary excretion does not immediately mean vitamin 
insu]ciency. However, if a subject maintains a diet for a 
long time, he/she will be in an appropriate state to reveal a 
dePciency syndrome.  

K.S. and T.F. designed the study. K.S. draVed the 
manuscript and T.F. reviewed the manuscript. *e authors 
express their sincere appreciation to the many subjects who 
gave urine samples and to our students for measuring the 
levels of water-soluble vitamins. All authors approved the 
Pnal manuscript.  

4. Concluding Remarks 

We calculated a tentative urinary excretion values for 
water-soluble vitamins for maintaining health based on data 
obtained from intervention studies. We evaluated the 
nutritional status of water-soluble vitamin in 709 Japanese 
females. 
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In the postgenome era the focus shi%s from the static blue-
print to the factors that actually dominate the phenotype of a 
cell, proteins and metabolites. Both are linked to the geno-
type but are also regulated independently and therefore pro-
vide targets for the analysis of factors that can be both indic-
ative and causative to a great variety of cellular processes [1]. 
Due to their central role for the cellular life most processes 
eventually in2uence the metabolome. In addition, the per-
spective on the metabolome as a mere consequence of cata-
bolic and anabolic reactions is changing with the discovery 
of the di5erent levels of crosstalk between metabolites and 
signalling pathways.  

Furthermore, functions exerted by metabolites can be 
highly tissue speci8c. For example, glutamine is the most 
abundant amino acid in plasma and in skeletal muscle [2]. In 
contrast, glutamine serves in liver as a precursor for glucose 

and urea synthesis, whereas it is used in the brain in synthe-
sis of neurotransmitters. Hence glutamine is reported to play 
a role in maintenance of skeletal muscle, immune systems 
function and glucose and glycogen metabolism [3]. As a 
consequence, the metabolome has to be analyzed in a cell-
type speci8c manner. <is is particularly true for the im-
mune system in which the di5erentiation of cells leads to a 
great variety of cellular subtypes. In the present study Jurkat 
cells are used as a widely accepted model for the study of 
activation of T cells and the resulting e5ect on the metabo-
lome [4]. 

T cells control the adaptive immune response to pathogens 
either by destruction of the antigen presenting cell directly 
(cytotoxic T cells) or by secretion of cytokines (T helper 
cells) which activate e5ector cells. T cells are activated by 
interaction of their T cell receptor (TCR) with an antigen-

*Corresponding author:  Dr. Sven Baumann. Helmholtz Centre for Environmental Research – UFZ, Department of Metabolomics , Permoserstraße 15, 
04318 Leipzig. Phone: +49-341/2351099; E-Mail address: sven.baumann@ufz.de 

ORIGINAL ARTICLE | DOI: 10.5584/jiomics.v3i1.129 

Starvation of Jurkat T cells causes metabolic switch from glycolysis to 
lipolysis as revealed by comprehensive GC-qMS 

Janina M. Tomm1, Wolfgang Otto1, Ulrich Servos2, Bernd Bertram2, Martin von Bergen1,3,4, Sven Baumann3  

1Department of Proteomics, UFZ – Helmholtz Centre for Environmental Research, Permoserstraße 15, 04318 Leipzig, Germany; 2Shimadzu 
Germany, Albert-Hahn-Straße 6-10, 47269 Duisburg, Germany, 3Department of Metabolomics, UFZ – Helmholtz Centre for Environmental 
Research, Permoserstraße 15, 04318 Leipzig, Germany; 4Department of Biotechnology, Chemistry and Environmental Engineering, Aalborg 
University, Sohngaardsholmsvej 49, 9000 Aalborg, Denmark 

Received: 11 February 2013 Accepted: 25 April 2013 Available Online: 13 May 2013 

Abstract 

1. Introduction 

T cells play a central role in the cellular part of the immune system and their metabolomic activity is strictly bound to the status of activation. 
Little is known about the metabolomic resilience of T helper cells in the resting status. <erefore we analyzed the metabolomic pro8le of non-
activated Jurkat T cells under normal and starvation conditions by a two-dimensional GC-MS approach. We detected 52 organic and amino 
acids in the biological replicates covering the majority of central metabolic pathways. Under starvation conditions 21 analytes representing 
major metabolic pathways showed a signi8cant down-regulation. For palmitoleic acid a signi8cant up-regulation was detected. <e annota-
tion of di5erentially abundant metabolites to the pathways of TCA-cycle, amino acid metabolism and fatty acid biosynthesis indicating a 
metabolic switch from glycolytic to lipolytic energy generation upon starvation. 

Keywords: Comprehensive GC-qMS; Metabolite pro8ling; Starvation; Jurkat T cells. 
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bound major histocompatibility complex containing an anti-
gen-presenting cell [5, 6]. In addition to the TCR induction, 
T cells require additional activation signals from one or 
more costimulatory receptors, such as CD3 and CD28, to 
become fully active [7, 8]. 

Peripheral T cells which expand upon signal responses to 
foreign antigens spend the majority of their life span in a 
resting state. <erefore their metabolic resilience to subopti-
mal conditions is crucial for their survival. Besides changes 
in protein expression, changes in concentration of central 
metabolites during activation and di5erentiation of T cells 
are of particular interest. Since metabolites are the end prod-
ucts of cellular regulatory processes, their levels can be re-
garded as the ultimate response of biological systems to ge-
netic or environmental changes. In order to tackle the ques-
tion of metabolomic resilience of resting T cells we estab-
lished a metabolomic analysis of Jurkat T cell grown under 
normal and starvation conditions as a model system to eluci-
date the cellular response towards suboptimal conditions.  

For the analysis of the central carbon and nitrogen metab-
olites that are part of the glycolysis, pyruvate metabolism as 
well as the tricarboxylic acid cycle (TCA-cycle) and the ami-
no acid synthesis methods are required that cope with the 
high polarity of the metabolites. GC-MS is a suitable tech-
nique for this purpose. Several GC-MS based metabolomics 
methods have been reported [9-13]. Most of these methods 
are based on one or more derivatization steps by oximation 
and/or silylation analysis prior to conversion of the polar 
functional groups. <ese methods are suitable for the analy-
sis of cell extracts, body 2uids and tissues and allow the 
measurement of a broad range of small, medium-polar to 
polar metabolites.  

However, pro8ling analyses and quanti8cation of target 
substances from complex biological samples is o%en ham-
pered by insuVcient chromatographic separation and/or 
matrix e5ects resulting from diVcult sample matrices. Com-
prehensive two-dimensional gas chromatography (GCxGC) 
o5ers several advantages over one-dimensional gas chroma-
tography, i.e. higher peak capacity, a broader dynamic range 
and lower detection limits. Metabolite pro8ling of di5eren-
tially grown Jurkat T cells was therefore carried out on a 
comprehensive GCxGC quadrupole MS to characterize mo-
lecular changes in cellular systems by quantitative signatures 
of primary metabolites.  

2. Material and Methods 

2.1 Materials and reagents 

Methanol and Chloroform were purchased from Merck 
(Darmstadt, Germany). Water was deionized and 8ltered 
through a 0.22 µm 8lter using a Millipore water generation 
system (Millipore, Schwalbach, Germany). Methoxyamine 
hydrochloride (MOX) and N-Methyl-N-(trimethylsilyl)
tri2uoroacetamide (MSTFA) were purchased from Sigma-
Aldrich (Seelze, Germany). 

2.2 Cell culture 

Jurkat T cells clone E6-1 (TIB-152, ATCC, Manassas, VA, 
USA) were routinely cultured in RPMI-1640 medium 
(Biochrom AG., Berlin, Germany) containing 10% fetal bo-
vine serum (Biochrom AG, Berlin, Germany), 1% L- Gluta-
mine (Biochrom AG, Berlin, Germany) and 1% penicillin 
(100 U/mL)/ streptomycin (100 mg/mL) (PAA, Pasching, 
Austria) at an atmosphere of 5% CO2, 95% humidity at 37°C 
in a CO2 incubator (MCO-18AIC, Sanyo Electric Co Ltd, 
Gunma-ken, Japan). Jurkat cells were maintained between 
1 x 105 and 1 x 106 cells/mL of medium in 2asks with a sur-
face area of 25 cm2 (Greiner Bio-One, Solingen, Germany). 
For the experiment control cells were cultured in 75 cm2 
2asks as described earlier [14]. Starving cells were incubated 
in RPMI-1640 medium containing 1% L-Glutamine, 1% 
penicillin/streptomycin for three to four days in 75 cm2 
2asks under the conditions stated above. 

Before and a%er starvation, cell numbers were recorded by 
cell counting a%er Trypan blue staining in a Neugebauer-
chamber. A%er cultivation cells were spun down at 300g for 
5 min, the medium was removed and the cell pellets were 
immediately shock-frozen in liquid nitrogen and stored at –
–80°C until further processing.  

2.3 Metabolite extraction 

In order to separate hydrophilic target analytes from lipo-
philic metabolites, phases of di5erent polarity were obtained 
by performing a liquid-liquid extraction with ice cold metha-
nol, chloroform and water. For comprehensive GCxGCqMS 
analysis frozen cell pellets were extracted using 0.5 mL meth-
anol, 1 mL chloroform and 0.375 mL water. Cell disruption 
was performed for 5 min on ice using an ultrasonic homoge-
nization device. <e mixture was then centrifuged at 4000 g 
for 5 min at 4°C. 500 µL of the upper hydrophilic methanol/
water phase was transferred into 2 mL reaction glass vials. 
<e remaining lipophilic phase as well as protein precipitate 
was discarded. All samples were dried under a stream of ni-
trogen at 40 °C for a maximum of 2 h. First derivatization 
step of hydrophilic compounds was a methoximation using 
200 µL MOX for 2 h at 80°C. A%er 8rst derivatization step 
the fractions were dried under a stream of nitrogen at 40 °C 
and silylated using 100 µL MSTFA for 20 min at 90°C. 

2.4 GCxGC-qMS analysis and data processing 

Analyses were done in biological and technical duplicates 
by comprehensive gas chromatography in combination with 
a fast quadrupole mass spectrometer, GCxGCqMS. <e di-
mension of the 8rst column (Rtx-1; Restek) were, 30 m 
length, 0.25 mm i.D. with 0.25 µm 8lm, of the second col-
umn (BPX50 (SGE)) 1 m length, 0.15 mm i.D. and 0.15 µm 
8lm. <e oven was heated from 60°C to 290°C with a ramp 
of 5°C/mi. <e modulation time was 6 sec and the hot pulse 
time 0.375 sec, respectively. <e detection was performed in 
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full scan mode from 35 to 280 amu with 20.000 amu/sec. <e 
chromatograms were recorded and processed by GCMSsolu-
tion so%ware (Shimadzu). <e identi8cation of metabolites 
was performed by Excel based macro, taking spectra similar-
ity, linear retention index and the relation between modulat-
ed peaks into account. Fold changes were calculated between 
the accumulated peak areas of modulated signals of starva-
tion cultivation versus the normal cultivated Jurakt T cells. 
An unpaired, heteroscedastic, two-tailed Student’s t-test was 
conducted on the peak areas for the comparison of starved 
and normal cultered cells. Metabolites with a p-value less 
than 0.05 and an average linear fold change higher than 1.5 
were considered as signi8cantly regulated. 

3. Results and Discussion 

Hydrophilic extracts gave reproducible characteristic 
chromatograms. In total, 42 metabolites from the classes of 
organic and amino acids could be detected and veri8ed in 
the biological duplicates in normal and starvation cultivated 
cells. Identi8cation of metabolites with a substance speci8c 
database was supported by use of linear retention time indi-
ces and the time-dependent relation between modulated GC
-peaks. As a result of high retention time stability of the 
GCxGCqMS system, precise determination of linear reten-
tion time indices was possible. A typical chromatogram of an 
extract from Jurkat T cells grown under normal conditions is 
shown in Figure 1. In addition, eleven metabolites compris-
ing among others sarcosine, phenylacetic and hippuric acid 
could be observed only in T cells grown under normal con-
ditions. Obviously due to decelerated metabolism of T cells 
under starving conditions and generally lower signal intensi-
ties in the total ion chromatogram, these analytes were not 
detectable in samples derived from starving T cells (Table 1). 
Above all, also glutamine could only be observed in normal 
cultivated cells, even it was also supplied during cultivation, 

Analyte 

 

Fold change 

Starvation vs 

Normal 

 

p-

Value 

 

4-Hydroxyproline 0.234 0.004 

Glutamic acid 0.267 0.006 

Fumaric acid 0.169 0.008 

Glycolic acid 0.594 0.008 

Methylsuccinic acid 0.380 0.009 

Lactic acid 0.247 0.010 

Succinic acid 0.235 0.010 

Malic acid 0.267 0.011 

Palmitoleic acid 2.738 0.012 

Phenylalanine 0.391 0.012 

Serine 0.518 0.013 

Proline 0.188 0.014 

Tyrosine 0.500 0.016 

3-Hydroxybutyric acid 0.118 0.019 

Urea 0.416 0.020 

L-Glycine 0.238 0.026 

a-Aminobutyric acid 0.343 0.031 

2-Hydroxyglutaric acid 0.498 0.034 

Isoluecine 0.440 0.036 

5-Oxoproline 0.382 0.039 

Aspartic acid 0.548 0.040 

L-Alanine 0.242 0.048 

Threonin 0.372 0.057 

Asaparagin 0.064 0.067 

Tryptophan 0.060 0.069 

Glycerol 0.710 0.071 

Methionine 0.314 0.073 

Benzoic acid 0.612 0.113 

Valine 0.446 0.121 

Citric acid 0.728 0.133 

Phenol 0.871 0.163 

Leucine 0.486 0.168 

Glutaric acid 0.330 0.199 

3-Hydroxy-3-methylglutaric 
acid 

0.249 0.204 

Thymine 0.071 0.269 

Oxalic acid 0.450 0.333 

Palmitic acid 1.115 0.336 

Caproic acid 0.733 0.366 

Stearic acid 1.056 0.392 

Myristic acid 0.690 0.397 

Azelaic acid 0.871 0.427 

Sebacic acid 0.879 0.458 

Not detected in starvation cells  

2-Hydroxybutyric acid   

Sarcosine   

2-Hydroxyisovaleric acid   

3-Hydroxyisovaleric acid   

Ethylhydracrylic acid   

Phenylacetic acid   

Maleic acid   

3-Methylglutaconic acid   

L-Glutamine   

Hippuric acid   

Indolelactic acid   

Table 1. Summary of detected organic acids in Jurkat T cells 
a%er GCxGC-qMS analyses sorted according to ascending p-
values. Italicized analyte names represent signi8cant regaulated 
organic and amino acids. 
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which suggests an almost complete consumption cells under 
starvation. 

Due to sample complexity several compounds were coelut-
ing within the 8rst separation dimension. <erefore, com-
prehensive GC-qMS was applied to increase the separation 
power of coeluting substances in the second dimension 
(Figure 2). Besides this, GCxGC separation leads to a better 
matrix separation and provides a basis for better spectra 
quality and library based identi8cation of target analytes. 

In metabolite extracts of control and starving Jurkat T cells 
clear di5erences in analyte intensities became evident. Due 
to decelerated metabolism of T cells under starving condi-
tions, reduced intensities for several metabolites could be 
observed. Wilcoxon signed-rank test was employed to detect 
metabolites that are signi8cantly di5erent between control 
and starving Jurkat T cells. Using a threshold of p <0.05 and 
a fold change >1.5, in total 11 metabolites were detected that 
showed statistical relevant di5erences (Figure 3, Table 1). 

<e most a5ected amino and organic acids were assigned 
showing varying dynamics during di5erent growth condi-
tions. Cellular concentrations of all identi8ed amino acids 
decreased during growth under starving conditions.  

For serine, phenylalanine, alanine, glycine, proline, isoleu-
cine and tyrosine a signi8cant decrease of cellular concentra-
tions (fold changes 0.2 - 0.5 ) from normal to starvation con-
ditions could be observed (Table 1). <e e5ect of increased 
amino acid consumption during starvation could also be 
shown in mouse macrophages -like RAW cells [15]. Certain 
amino acids are now known to play important nutrient-
sensing roles involving the (mTOR)-mediated signaling 
pathway [16]. mTOR is a component of a signaling pathway 
that couples insulin receptor stimulation and nutrient availa-
bility with protein synthesis via activation and phosphoryla-
tion of the ribosomal protein S6. Energy levels and nutrients 
regulate mTOR e5ectors such as S6K1 (S6 kinase 1) through 
the interaction with the mTOR complex. In cells growing in 
nutrient-rich conditions, the mTOR kinase activity is high, 
whereas under nutrient-poor conditions the mTOR kinase 
activity is decreased. It is not known how amino acids acti-
vate the mTOR complex, but it is probable that stimulation 
of a kinase or inhibition of a phosphatase that act upon 
mTOR as a substrate is involved [17-19].  

In addition, various organic acids revealed the same e5ect 
of decreased signal intensities compared to Jurkat T cells 
grown under normal conditions (Table 1). A 0.2-fold change 
of signal intensities could be observed for fumaric and suc-
cinic acid a%er starvation cultivation (p<0.05). <e intracel-
lular decrease of TCA-cycle metabolites could be explained 
with consumption of these metabolites for energy generation 
of the cells during starvation period. 

Signi8cant di5erences could also be detected in pyruvate 
metabolism, resulting in lowered amounts of lactate as well 
as malate (fold changes 0.2 and 0.3, respectively).  

For stearic acid, palmitic acid and especially its oxidation 
product palmitoleic acid higher signal intensities in the star-
vation culture could be observed (Fold changes 1.1, 1.1 and 

Figure 1. Comprehensive GC-qMS chromatogram of a hydro-
philic extract from Jurkat T cells grown under normal condi-
tions. Due to modulation by continuous freezing and hot pulse 
evaporation of analytes eluting from 1st dimension column 
peaks were cut into multiple fractions. <ermally desorbed ana-
lytes will be further separated on 2nd dimension column and 
reveal chromatographic peaks with a temporal distance accord-
ing to the chosen modulation time (see insert; modulation time 
of 6s). 

Figure 2. Comprehensive two-dimensional GC-qMS plot of a 
hydrophilic extract from Jurkat T cells grown under normal con-
ditions. Additionally, the corresponding mass spectrum for 5-
Oxoproline is shown as an example. Separation of analytes into 
two chromatographic dimensions by preferably orthogonal sepa-
ration characteristics. Resulting ‘blobs’ in horizontal direction 
illustrating non-separated substances coeluting under “classical” 
chromatographic conditions. Referring mass spectra can be ob-
tained from the modulated single peaks and used for compound 
identi8cation. 
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2.7, respectively). <is could be explained by a shi% to lipoly-
sis as one possible alternative for energy generation as a re-
sult of the energy de8cit of starving Jurkat T cells. <ereby, 
triglycerides were hydrolyzed to provide free fatty acids as 
energy source [20, 21]. 

4. Concluding Remarks 

<e application of GCxGC-qMS allowed the reproducible 
detection of metabolites from the central carbon and amino 
acid metabolism of T cells. Starvation conditions induced 
signi8cant changes in resting T cells metabolism, predomi-
nantly in the metabolic pathways of amino acid synthesis, 
the TCA cycle and fatty acid biosynthesis. <ese results will 
help to complement the puzzle of the metabotype of the vari-

ant status of immune cells. Since the involved pathways are 
swi%ly a5ected the next step will be to elucidate if consump-
tion of amino and organic acids as well as the lipolytic switch 
during starvation is a reversible process or not and indicat-
ing for the 8nal fate of these cells.  
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Figure 3. Volcano plot of for comparison of Jurkat T cell ex-
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cultivation of cells under starvation conditions and a resulting 
decelerated metabolism reduced signal intensities for several 
amino and organic acids could be detected. For three fatty acids 
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observed. 
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